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 I 
Abstract 
Pipelines are widely used in the oil and gas industry in both offshore and onshore operations. After 
several years of operation in more or less corrosive environments, existing steel pipelines may suffer 
from internal or external metal loss due to erosion and/or corrosion damage mechanisms. More 
than 60 percent of the world’s oil and gas transmission pipelines are more than 40 years old and for 
the most part in urgent need of rehabilitation in order to re-establish the original operating capacity.  
The most recent repair method used for the repair of internally or externally corroded pipelines is 
a method based on utilising fibre-reinforced polymer (FRP) composites. This involves wrapping the 
corroded part of a pipeline with this material. Many laboratory tests and field experiments have 
been performed and documented in the past few years, which have proven the viability of this 
method. 
Two design codes are available for the design of FRP overwrap repairs in the rehabilitation of 
pipeline systems. These codes are based on the deterministic approach for design, which has been 
the common method of developing codes in the past. On the other hand, the more modern methods 
of design, such as the ultimate state design method include safety factors, which are probabilistically 
determined using reliability-based analyses for a target reliability factor. 
This dissertation critically analyses and reviews the two major pipeline repair design codes by means 
of analytical and finite element analysis. This is then followed by a proposal for a reliability-based 
design method for FRP overwrap repair. Chapters 5 to 7 present the work carried out on the 
reliability-based design method. The following steps have been followed in the reliability study: 
 Preparing large number of GFRP specimens by having them post-cured in two different 
environmental conditions; one set post-cured at 60◦c dry condition and the second set 
immersed in 6o◦c seawater for about 4 months. The first condition replicated the 
environment of the onshore pipelines and the second, the sub-sea pipelines; 
 Performing comprehensive tensile testing of the GFRP specimens in order to find the 
mechanical properties of GFRP laminates; 
 Fitting statistical models to the experimental data obtained having the best-fit models 
chosen as the representative models; 
 Determining the representative statistical model for different loads and resistance 
parameters; 
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 Formulating the limit state function and setting the safety factors; and 
 Selecting the reliability index, running the reliability analysis and calibrating the safety 
factors. 
The end product of this research is a probabilistic design method. This proposed method allows the 
design of FRP overwrap repair based on the Tsai-Hill equation and uses two safety factors, one for 
the steel pipe and the other for the FRP repair. The steel partial safety factor is constant and equals 
0.72, but the FRP partial safety factor varies with the depth of corrosion. Two graphs are presented 
to calculate the FRP safety factors, i) for onshore pipelines and ii) for offshore pipelines.  
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Chapter 1: Introduction 
  
 2 
Introduction  
1.1 General 
Fibre reinforced polymer composites (FRPs) are increasingly being used in the strengthening, 
retrofitting and repairing of existing structures. Rehabilitation of oil and gas pipeline is one such 
recent application of FRPs. Utilising these materials for repair of defective pipelines offers unique 
advantages over the conventional repair techniques. Elimination of the explosion risk attributed to 
welding, prevention of pipeline shut down during the repair and ease of handling due to the 
lightweight of FRPs are only some of the advantages associated with FRP repair. The practice of FRP 
for strengthening of oil and gas onshore and offshore pipelines is growing rapidly and the extent 
and depth of research on their properties, design methods and potential applications are growing 
similar as well. Currently, there are two design codes available for the FRP repair of pipelines 
although these are not perfect and there are many issues, problems and challenges to be overcome 
for effective designs. Issues such as characteristic properties of FRPs, moving away from the codes’ 
deterministic method of design and improved understanding of the interaction between FRP and 
the corroded pipe are examples. 
1.2 FRPs usage in structural strengthening 
Composite is a general word used for a compound composed of at least two distinct materials with 
different properties. These materials are often designed to work together to deliver better 
performance in terms of strength, stiffness, durability and so on. FRPs are called fibrous composites, 
as they contain fibrous reinforcements embedded in a polymeric matrix. Carbon, glass and aramid 
are the typical fibres used for structural purposes, in combination with thermosetting resins such as 
epoxy or vinylestre. FRPs, similarly to other composites, offer advantageous properties. Specific 
strength/modulus is defined as strength/modulus of a material divided by its density. FRPs are well-
known for their high specific strength/modulus. For example, the strength of a carbon/epoxy 
unidirectional composite could be the same as steel, but the specific strength is three times that of 
steel (Kaw, 2006). The other advantages of FRPs over other materials include enhanced fatigue life, 
resistance to corrosion and controlled thermal properties, properties that can be tailored for specific 
applications and lower life-cycle costs (Karbhari & Zhao, 2000).  
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For many reasons, a structural element might need strengthening or repair. These reasons may 
include detrition due to environmental exposure, mechanical damage, change in usage, change of 
design codes, errors in design and construction or fabrication errors. Pipelines are not exceptional, 
and any of these reasons is equally applicable to pipelines although the primary reason is often 
corrosion. 
Conventional repair and rehabilitation of pipelines generally include, cutting out the corroded parts 
and replacing them with new pipe, bypassing of the corroded section, grinding super facial defects, 
repairing by welding deposition, and welding full encirclement steel sleeves or steel patches onto 
the corroded part (Batisse, 2008). Nowadays many types of strengthening can be accomplished with 
FRPs (Cercone & Lockwood, 2005). Using FRPs in pipeline repair improves the capacity of the 
damaged pipeline in carrying bending, compression, tension and torsional loads, in addition to 
protecting the pipes against potential future corrosion and/or stopping the current corrosion 
process (Esmaeel et al., 2012; J.L.F. Freire et al., 2007; Frost, 2002; Kessler et al., 2004; Köpple et al., 
2013; Lukács et al., 2011; Lukács et al., 2010; Shouman & Taheri, 2011). 
1.3 Advantages and disadvantages of FRPs for strengthening 
The unique properties of FRPs offer many possibilities in civil infrastructure applications ranging 
from repair and rehabilitation to developing new structural elements (Bakis et al., 2002; Bank, 2006; 
Karbhari & Zhao, 2000). FRPs are corrosion resistant and suit application in harsh environments, 
such as marine environments or in direct contact with corrosive soils. Their low weight reduces the 
cost of transportation and mitigates the need to use heavy equipment in the construction sites. The 
low weight also makes FRPs a proper strengthening material, as they do not add extra dead load to 
the rehabilitated structures. High specific strength/modulus enables engineers to use thin strips of 
FRP, which results in only a minor change in the dimensions of the repaired structural profile. 
Formability and the easy manufacturing and installation provide unique advantages for FRPs. 
Application of the unidirectional laminates allows strengthening of the structural elements in the 
required direction, with much better control over the desired strength and modulus.  
FRPs can be manufactured by the wet layup method. As they are soft at the time of application, they 
can be applied onto any unevenly shaped structure. Fibres can also be long and stitched beside each 
 4 
Introduction  
other to form strips of different widths. This can eliminate the need for splices and allows the 
application of FRPs in required sizes with minimum waste of materials and size error. 
FRPs do have some disadvantages (Täljsten, 2004). These materials are susceptible to damage from 
vandalism, impact and fire. In the case of these threats, FRPs should be protected by some sort of 
cover. Although FRPs are corrosion resistant, the resin matrix component could exhibit degradation 
when exposed to moisture, high temperature and UV rays. This is a major drawback as this 
technique of repair is almost new, and there is not sufficient long-term information yet available on 
the durability of exposed FRP.  
1.4 Design codes for FRP strengthening 
1.4.1 Necessity of design code 
FRPs firstly emerged as the material of choice in the aerospace industry and were later adopted by 
the automotive and marine industries (Cercone & Lockwood, 2005). Structural applications for 
strengthening are the latest area of use. FRPs used in the automotive and aerospace industries are 
usually produced in large quantities. The design loads are very well identified, and the products are 
designed and produced under high scrutiny. Several tests are generally performed during the design 
and manufacturing phase and the end products pass a number of quality control tests. Civil and 
structural industries are markedly different; each project is unique and is usually designed and 
constructed once. Testing is performed during the manufacturing phase and due to the cost, time 
and number of projects, is limited in the number of time that it can be performed. There are 
substantial uncertainties in the loads and mechanical properties of materials, which cannot be fully 
controlled. This, in turn, results in conservative values of load and strength being selected by the 
designers. Most of the structural designs are performed based on the available codes of practice. 
Such codes are prepared by the authorities in consultation with the experts in the field and are 
treated as minimum technical requirements for safe and reliable design. Codes for FRP structural 
repair applications are very limited, and many engineers are not familiar with the design of FRP 
structural repair. Lack of proper design codes and designer experience has resulted in limited usage 
of FRPs in the structural field despite their unique advantages (Rebecca Anne Atadero, 2006). ASME 
PCC-2 (ASME, 2011) and ISO/TS 24817 (ISO, 2006) are the only design codes available for the FRP 
repair of pipelines. Both codes are vague in terms of the mechanical properties of FRPs. The codes 
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treat FRPs made from different kind of resins and fibres similarly and recommend certain numbers 
for the elastic modulus and ultimate strain of FRPs despite the variations that are naturally present 
in the wide range available. 
1.4.2 Uncertainties in the design 
Uncertainties are omnipresent in structural engineering. Part of the uncertainty arises from the 
variation in material properties due to differences in quality and more so due to variations in 
properties as a result of degradation with time. Lack of complete control over the manufacturing 
and construction process generates additional uncertainties. Loads can be highly variable 
particularly natural loads such as hydrodynamic loads, wind loads and earthquake. Loads are 
exceptionally uncertain in their manifestations, occurrence and magnitude. Structural analysis and 
designs methods are established based on some simplifying assumptions which can be additional 
sources of uncertainty. As the design variables are uncertain, there is always a risk of overloading 
leading to failure. It is impossible to eradicate the risk, however, good engineering design can cap 
the risk at acceptable levels. The above-mentioned issues have necessitated the development of 
design codes that quantify various sources of uncertainty and their randomness and respond to 
these uncertainties in a logical manner. 
1.4.3 Design Philosophies 
Design codes in the field of Structural Engineering have been developed based on two major 
approaches, the older allowable (working) stress design (ASD/ WSD) and the newer probabilistic 
based Load Resistance Factor Design (LRFD). Within the last decades, most of the ASD-based codes, 
were replaced by newer ones that are LRFD-based. Different versions of LRFD exist, but the basis of 
all is essentially the same (Michael H Faber, 2007). 
In the allowable stress design, the focus is on service load conditions. The method basically assumes 
that the structural material behaves in a linear elastic manner and that adequate safety can be 
ensured by suitably restricting the stresses in the material induced by the expected service loads on 
the structure. As the specified permissible stresses are kept well below the material strength, the 
assumption of linear elastic behaviour is considered justifiable. The ratio of the strength of the 
material to the permissible stress is often referred to as the factor of safety. The safety factors are 
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defined in accordance with past experiences and are prescribed by the design codes. The factors 
have reduced gradually over time since the inception of the method (Ellingwood, 1994). The main 
advantage of using ASD is the simplicity of its procedure, as it only requires the applied stresses, a 
safety factor and material strength (King et al., 2012). The general form of ASD is shown in 
Equation 1-1: 
the allowable stress
Stress induced by service load
factor of safety
  Equation 1-1 
The main disadvantage of this method is that it fails to provide a uniform reserve capacity for all 
elements of the structure being designed. Inelastic behaviour of the material, the load capacity of 
structural members after the yield point and the force and moment redistribution in statically 
indeterminate structures are all ignored. 
LRFD is a relatively newer design approach compared with ASD. Gradually most codes are changing 
from ASD to RFD. The American Institute of Steel Construction (AISC), for example, adopted the 
LRFD specifications into the AISC manual of steel construction in 1986 (Salmon et al., 2009). In LRFD, 
typically two main limit states are defined: strength and serviceability. The strength limit state is 
defined to ensure that the structure is safely away from its ultimate strength capacity considering 
issues such as plasticity for ductile materials, and fracture for brittle materials. The service limit state 
on the other hand, caters for short-term and long-term deflections, vibrations and cracks ensuring 
that these are all within acceptable values. In LRFD, there are two safety factors, one is applied to 
the loads and the other is applied to the resistance ensuring that the demand effects of the factored 
loads (such as stress and deflection) do not exceed the corresponding capacities. In contrast to the 
ASD, the safety factors in LRFD are based on statistical analysis, in a way that the probability of 
resistance being smaller than the load demand effect becomes acceptably small. This measurement 
is often performed in terms of the reliability index, . This index is chosen at different levels 
depending on the importance of the structure and the required service life. Higher chosen values 
represent more important structures for which the probability of failure has to be lower. In the 
development of LRFD codes, the reliability index is set to a predefined target and load and resistance 
factors are selected in a probabilistic manner. The general design equation in LRFD is of the format 
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shown in Equation 1-2 in which  is the resistance factor, Rn is the nominal resistance, i is the load 
factor specified to load i and Qi is the load effect due to load i. 
n i i
i
R Q   Equation 1-2 
1.4.4  FRP strengthening design codes 
The following design codes and guidelines are currently available for the design and application of 
FRP structural strengthening systems(IIFC): 
 Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening 
Concrete Structures(ACI, 2008); 
 Acceptance Criteria for Concrete and Reinforced and Unreinforced Masonry Strengthening 
using Fibre-Reinforced Polymer (FRP) Composite Systems (ICC-ES, 1997); 
 Acceptance Criteria for Inspection and Verification Of Concrete and Reinforced and 
Unreinforced Masonry Strengthening Using Fibre-Reinforced Polymer (FRP) Composite 
Systems (ICC-ES, 2001); 
 Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening 
Existing Structures – Materials, RC and PC structures, masonry structures (ICC-ES, 2001); 
 Externally bonded FRP reinforcement for RC structures (fib, 2001); 
 Retrofitting of concrete structures by externally bonded FRPs, with emphasis on seismic 
applications (fib, 2006); 
 Strengthening Reinforced Concrete Structures with Externally-Bonded Fibre Reinforced 
Polymers (FRPs) (ISIS, 2004); 
 Recommendation for Upgrading of Concrete Structures with use of Continuous Fibre Sheets 
(JSCE, 2001); 
 Design of FRP systems for strengthening concrete girders in shear (Belarbi, 2011); 
 Design Guidance for Strengthening Concrete Structures Using Fibre Composite Materials 
(The Concrete Society, 2012); 
 TR57 Strengthening concrete structures with fibre composite materials- acceptance, 
inspection and monitoring (The Concrete Society, 2003); 
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 FPRS-1 Guide Specifications for Design of Bonded FRP Systems for Repair and Strengthening 
of Concrete Bridge Elements(AASHTO, 2012) 
 Strengthening metallic structures using externally bonded fibre-reinforced polymers(Cadei 
et al., 2004) 
Recommended guide specification for the design of externally bonded FRP systems for repair and 
strengthening of concrete bridge elements(NCHRP, 2010) 
 An introduction to FRP strengthening of concrete structures(ISIS, 2010) 
 HB 305: Design handbook for RC structures retrofitted with FRP and metal plates: beams and 
slabs(Standards Australia, 2008) 
These guidelines/codes are mostly applicable to reinforced concrete (RC) and/or masonry 
structures. The guidelines/codes related to FRP strengthening of reinforced concrete are often 
based on the LRFD approach in defining the design check equations, with the downside that none 
of the resistance factors are derived based on a calibration procedure and no target reliability was 
set (Rebecca Anne Atadero, 2006). 
ASME PCC-2 and ISO/TS24817 are the only available codes for FRP strengthening of steel pipes; both 
being in the ASD format and are not probabilistic-based. 
1.5 Problem statement and research aim summary 
Fibre reinforcement polymers have shown their effectiveness and acceptable performance in 
strengthening reinforced concrete structures and should be equally useful in strengthening 
corroded pipelines. After a few years of being in operation, pipelines deteriorate and corrode due 
to chemical and environmental attack. Although FRPs present themselves as a suitable material for 
the repair for pipelines, lack of comprehensive design guideline prior to the year 2006 has resulted 
in underutilisation of FRPs in this field of application. Two design codes became available for 
pipelines FRP repair, namely ASME PCC-2 and ISO/TS24817 in 2006 but these codes have several 
shortcomings, the most important of which is that are both in a deterministic format. FRP repair 
exhibits a high level of uncertainty and variability in mechanical properties and, following a 
deterministic format, results in more conservative design formulae that increase the costs and offer 
variable reliability depending on the application. The main advantage of using an LRFD format in the 
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design is the attainment of a relatively uniform level of reliability while considering the natural 
uncertainty of materials. The development of a design method based on the LRFD format is 
necessary to promote the use of FRP in pipeline repair. 
Developing an LRFD-based format design method requires extensive data collection in order to find 
the following: 
 The statistical models for the load and resistance variables; and 
 The nominal values of load and resistance variables 
It also requires: 
 Proper structural behaviour models, design equations and applicable limit states; 
 Setting the target reliability index; 
 A proper method of calculating the reliability index during the calibration process; and 
 The model error. 
Statistical models for steel material, internal pressure and corrosion depth have already been made 
available by previous researchers. The structural behaviour of pipelines and FRPs have also been 
adequately studied in recent decades and are available. The availability of new generation 
computers has also allowed more powerful reliability analysis techniques, such as Monte Carlo 
simulation(Robert E. Melchers, 1999) ,to be easily implementable on a desktop computer. 
On the other hand, there are still some significant gaps in knowledge and many challenges in the 
development of LRFD format code for FRP strengthening of pipelines. There is not a sufficiently large 
database available for the FRP properties that can be used to develop a reliability-based design 
method for the strengthening of pipelines. A proper database needs to cover all of the variations 
that could be introduced during the process of FRP strengthening. These variations include 
orientation of fibres, level of labour skill, position of repair, number of FRP layers, variations in the 
fibre and epoxy materials properties and the environmental conditions. Another important aspect 
is the long-term properties of FRP under different environmental conditions.  
1.5.1 Research aim 
The primary objective of this study is the development of an LRFD-based design framework for the 
reliability-based design of an FRP repair system for pipelines. As LRFD is a general design philosophy, 
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in this research, it will be tailored for a primary objective. Several steps have to be undertaken to 
arrive at the framework, as described below: 
 Reviewing the current design equations and comparison with FE model results; 
 Improving the FRP repair design equations by implementing more accurate FRP design 
criteria; 
 Considering the environmental conditions, which are ignored in the current design codes for 
the FRP repair design of onshore and offshore pipes. Such procedures must address the 
differences in the post-curing process; 
 Developing an adequately large database from which the statistical distribution of the 
properties FRPs can be extracted; 
 Mathematically representing the design problem and running a Monte Carlo simulation to 
find the parameters needed for establishing the reliability-based design framework; and 
finally 
 Establishing the framework. 
Due to the variation in the FRP material properties, the proposed framework needs to be flexible in 
the choice of FRP materials.  
1.5.2 Research methodology 
LRFD is a general design approach and needs to be customised to the subject of design. In this 
research, the aim is to develop a probabilistic-based design approach for FRP repair of pipelines. 
With this in mind, there are three major areas to be investigated: the FRP material, the design 
parameters of pipelines that are to be strengthened (loads, material and status of defects) and the 
reliability analysis. These three areas of study significantly overlaps on one another. These need to 
be studied as a whole, and individually too. There are significant questions associated with each of 
these areas and their overlap, which are to be answered. Practically answering each of these 
questions illuminates a part of the research pathway. The questions are listed in Table 1-1.  
Several of the questions can be answered promptly, such as the FRP type, method of manufacturing 
and post curing and the applicable limit states. For the application to be practical, the chosen FRP is 
a composite of glass fibres and epoxy resin. This type is available at justifiable prices. Specimens will 
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be produced through the wet layup method of manufacturing. These will be post cured in two 
different conditions, i) in an oven with the temperature set at 60◦c and ii) immersed in seawater 
kept at the same temperature. The results of this dissertation will be applicable to all kinds of 
pipelines. The implemented limit state will be the yield strength of the steel pipe and the ultimate 
strength of the FRP. The remaining questions are to be answered in the following chapters of this 
dissertation. Practically, this dissertation is built upon answering these questions. 
Table 1-1 Questions in LRFD development 
Area Questions 
Structural 
reliability 
 
What are the reliability basics for an LRFD? 
What are the available methods of reliability analysis? 
 
FRP 
 
What type of FRP is going to be used in this work? 
What are the methods of manufacturing and post curing? 
 
FRP/ 
structural 
reliability 
 
Is there any statistical model available for mechanical properties of FRP? 
How to characterise FRP statistically? 
How to find its characteristic values? 
 
FRP/ Pipeline 
 
How the FRP and the steel pipe interact? 
How the load is shared between the two? 
How to model the FRP strengthening system? 
 
Pipeline 
 
How to model the defective pipe? 
What are the loads acting on the pipe? 
 
Pipeline/ 
Structural 
Reliability 
 
How to find the representative structural models for the existing pipe in 
terms of material and geometry? 
How to describe the statistical model of the acting loads?  
 
FRP/Pipeline
/Structural 
reliability 
 
How to set the design equation? 
What are the reliability targets? 
Considering all the design variables and the applicable limit state, what is 
the most appropriate reliability analysis method? 
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1.5.3 Outline of the dissertation 
The dissertation has seven further chapters. In a progressive way, the development of an LRFD-
based design procedure for pipeline FRP strengthening is presented in successive chapters. Chapter 
2 is dedicated to presenting the background of using FRPs for structural strengthening. This chapter 
starts with the concept of FRP and FRP strengthening of structures, following which the state-of-
the-art in usage of FRP for strengthening of damaged pipelines is presented from two viewpoints, 
that of research and that of industry. 
Chapter 3 provides a literature review on the current design codes and equations. It also presents 
some improvements for inclusion in the current design codes. This chapter starts with some 
essential concepts in the design of FRP for the repair of pipelines, including the stress conventions 
and different FRPs design criteria. The current design codes are then reviewed.  
Chapter 4 discusses two important issues related to the modelling of overwrap repairs being the 
effect of live pressure and the Tsai-Hill criterion. The effect of live pressure at the time of repair 
application is investigated through analytical and finite element (FE) models. The Tsai-Hill criterion 
is explained based on a comprehensive FE modelling which is verified  by testing results. 
Chapter 5 is devoted to developing a base for the section of structural reliability analysis of this 
dissertation. The required information about the basics of a probabilistic-based design approach are 
covered in the chapter. This chapter begins with the concept of reliability analysis and explains the 
applicable limit states. The available reliability analysis methods are then discussed. This is followed 
by the load and resistance statistical models. The concept of target reliability index is explained next 
and design factors calibration process completes the chapter. 
In Chapter 6, the manufacturing, testing and statistical characterisation of GFRP is explained in 
details. This chapter presents the steps for manufacturing the GFRP specimens, post-curing in two 
different environmental conditions and performing the tensile test. The results of several sets of 
material test data are analysed to determine the appropriate statistical descriptors for GFRP. It 
includes distribution types, basic descriptors such as mean and coefficient of variation and 
correlation between different variables. The nominal (characteristic) values of the design 
parameters are calculated in this chapter. 
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Chapter 7 is the capstone of this dissertation, where the foregoing material is synthesised. In this 
chapter, the process of calibration and derivation of design factors is explained in detail through a 
case study. The case study is defined at the beginning of the chapter, and then the required 
information and assumptions adopted from the previous chapters are introduced into the 
procedure step by step. The design equations are then explained, and the method of calculating the 
design loads is discussed. Sensitivity analyses are performed to find the worst loading case and the 
appropriate design factors. In conclusion, the proposed design factors are presented. 
Chapter 8 is the last chapter that concludes the dissertation with a summary of the main 
achievements. It also contains a discussion of areas for future research towards the development 
of an LRFD-based approach in the FRP repair of pipelines. 
Finally, the appendices provide the required details and explanation of some of the procedures used 
in this research. 
This work also involves the establishment of a start-up database for the FRP properties, as well as 
improving the understanding of the gaps existing in this newly developed technology. 
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2.1 General 
Steel pipelines are the most efficient means of fluid and gas transportation in different industries 
such as oil industries, water and mining. Carbon-steel is a suitable material for pipes although it is 
susceptible to corrosion and as result, most steel pipelines suffer from corrosion. Different methods 
of repair are available to rehabilitate a corroded steel pipe. Examples are patch welding, mechanical 
clamping, sleeve welding and replacement of the corroded area with a new pipe section. This 
chapter discusses the FRP overwrap repair system as a promising method for the repair of steel 
pipelines, which also offers many advantages over traditional methods. In this Chapter, the research 
and application history are also presented. 
Modern life and growth in the human population have increased the demand on energy and natural 
resources around the globe. Exploration for new oil and gas resources occurs every day in remote 
or offshore areas, and the oil and gas discovered has to be transported to plants. Transportation 
through pipelines is the preferred method. Amongst different types of pipes, steel pipes are the 
most efficient due to their high strength, simplicity of installation and low cost (Kennedy, 1993). 
There are some drawbacks to using steel including susceptibility to corrosion, erosion and 
mechanical damage (Frankel, 1998; Shafiq et al., 2010). Oil and gas pipelines are internally exposed 
to CO2 corrosion which is accelerated by high temperature and pH fluctuation and the presence of 
corrosive agents such as H2S and organic acids in the transported fluid (Pfennig et al., 2011). 
Externally, steel pipes are located in harsh environments such as seawater or soils that contain 
corrosive agents. With the passage of time, corrosion which is a time-dependent electrochemical 
process and dependent on the local environment (Cosham & Kirkwood, 2000), causes internal, 
external or combined internal/external metal loss in steel pipes. Metal loss leads to loss of 
mechanical strength of the pipeline, which upon expansion of the corrosion may lead to failure. 
Corrosion problems in the world’s pipelines are now quite prevalent. In excess of 60 percent of the 
oil and gas transmission pipelines around the world are more than 40 years old (Pipelines 
International, 2009) and in urgent need of rehabilitation in order to re-establish their maximum 
operating capacity (J.L.F. Freire et al., 2007). 
Rehabilitation of a segment of a pipeline with metal loss defects can be performed in two different 
ways: removing and replacing the corroded part with a new one or repair of the damaged area. 
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Several conventional methods of repair are available such as weld overlay, full encirclement sleeve, 
fillet welded patch, flush welded patch, and welded leak box mechanical clamp (Antaki, 2003). No 
single method devised so far is perfect. There are problems associated with all of these methods 
such as high weight of the clamps, high expense of installation and welding operating pipelines 
creating safety issues (Alexander & Ochoa, 2010). In order to reduce safety concerns, the operating 
pipeline has to be shut down which can be a very costly exercise, often at a huge economic loss for 
the stakeholder (Kou & Yang, 2011). These disadvantages were reasons and incentives for 
researchers to find new solutions for pipeline repair. 
2.2 Fibrous composites 
Fibre Reinforce Plastics (FRP) are generally composed of a plastic matrix that is reinforced with 
fibres/fabrics. The region where the reinforcement and matrix meet is called the interface. 
Composite properties are determined by chemical and mechanical interaction of the combined 
materials. The use of FRP offers many advantages such as: 
Corrosion Resistance: FRPs do not rust, corrode or rot, and they resist attack from most industrial 
chemicals, remaining reasonably intact in harsh environments. 
High Strength and Lightweight: FRPs provide high strength to weight ratios exceeding those of 
aluminium or steel. 
Dimensional Stability: High strength FRPs have high dimensional stability under varying physical, 
environmental, and thermal stresses. This is one of the most useful properties of FRPs. 
Design Flexibility: No other available material offers the design flexibility of FRPs. Present 
applications vary widely. They range from commercial fishing boat hulls and decks to the fenders of 
sports cars, from structural elements to aerospace usage. 
Much of the strength of FRPs is due to the type, amount and arrangement of the fibre 
reinforcement. E-glass is the most commonly used fibre reinforcement. It is strong and has good 
heat resistance. For applications that are more critical, S-Glass offers higher heat resistance and 
about one-third higher tensile strength (at a higher cost) than that of E-glass. Carbon Fibres 
(graphite) are available in a broad range of properties and costs. These fibres combine lightweight 
with very high strength and modulus of elasticity. For high stiffness applications, these 
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reinforcements perform extremely well, with a modulus of elasticity that can equal steel. FRP with 
carbon fibre reinforcement also has excellent fatigue properties. Aramid fibres provide high 
strength and low density (40% lower than glass) as well as high modulus. These fibres can be 
incorporated in many polymers and are extensively used in high impact applications, A combination 
of their relatively high price, difficulty in processing, high moisture absorption (up to 6% by weight), 
low melting temperatures and relatively weak compressive properties have made them less 
attractive for use in structural engineering applications (Bank, 2006). Typical stress-strain curves for 
some of the reinforcement fibres and a summary of the fibres’ properties are shown in Figure 2-1 
and Table 2-1 respectively. 
 
Figure 2-1 Stress-strain curves for general reinforcement fibres(Issac M. Daniel & Ishai, 2005) 
The matrix or resin is the other major component of an FRP composite. The two major classes of 
resins are thermosets and thermoplastics. Thermosetting polymers are usually liquid or low melting 
point solids that can easily combine with fibres prior to curing. Thermosets feature cross-linked 
polymer chains that become solid during a chemical reaction or “cure” with the application of a 
catalyst and heat. The thermoset reaction is essentially irreversible. The thermoset resins for FRP 
are (but not limited to) unsaturated polyesters, vinyl esters, epoxies and the family of 
polyurethanes. 
 19 
Background  
Thermoplastic polymers can soften and become viscous liquids when heated for processing and 
then become solid when cooled. The process is reversible allowing a reasonable level of process 
waste and recycled material to be reused without significant effect on the properties. Thermoplastic 
resins allow for faster molding cycle times because there is no chemical reaction in the curing 
process. Parts may be formed as quickly as the heat can be transferred into and out of the molding 
compound. Polypropylene and polyethene are the most common thermoplastic resins used in FRPs. 
nylon and acetyl may also be used where increased mechanical properties are required. 
Table 2-1 Summary of fibres properties (Hausrath & Longobardo, 2010) 
Property 
Glass Carbon Aramid 
E-glass S-glass T700SC K49 
Density  
(gm/cc) 
2.58 2.46 1.80 1.45 
Tensile strength 
(MPa) 
3445 4890 4900 3000 
Tensile modulus 
(GPa) 
72.3 86.9 230 112.4 
Comp. strength 
(MPa) 
1080 1600 1570 200 
Strain to failure 
(%) 
4.8 5.7 1.5 2.4 
Softening point 
(°C) 
846 1056 >350 >150 
Advantages 
Low cost, easily available 
and more compatible 
Low density, high strength and 
stiffness, low density and 
superior fatigue performance 
High impact performance, 
flame resistant and resistant 
to chemicals 
Disadvantages 
Low modulus and 
susceptible to fatigue, 
creep and stress rupture 
High cost, availability and 
compatibility 
 
Low transverse and 
compressive strength, 
susceptible to UV and 
degrades in moisture 
 
In addition to the wide variety of material combinations, there are many choices available for 
processing FRP products. These options provide for even greater flexibility in optimising the shape, 
properties and production cost of FRP components. In general, two types of FRP repair, namely 
layered system and wet layup system are currently used for rehabilitation and repair (Alexander & 
Francini, 2006). For layered systems, the FRP composite is manufactured in the factory, and then is 
transferred to the field as a rigid product. It is then bonded to the defective area by means of an 
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adhesive. Repair using this system is limited to straight elements only. Unlike the layered systems, 
the wet layup systems are shaped into a composite on site and due to their ease of application are 
more widely used than the layered systems. They typically come in two different types. The first 
type involves some types of fabric or sheet made of usual fibres (including carbon fibres, glass fibres 
and aramid fibres), impregnated by in-situ application of resin to the materials. The second 
variations of the wet layup systems are cloths pre-impregnated in the factory, which are activated 
by water in the field. These kinds of systems are normally protected in sealed bags because once 
the bag is opened, the chemical reaction between material and moisture starts, and the product will 
begin curing. 
FRP materials entered into the military, defence and sport industries in the early 1960s (Scala, 1996). 
Early uses were in fighter aircraft and sporting equipment. As the cost of FRP materials reduced over 
the years, they started to be utilised in other industries. FRP sections started to be used as structural 
elements from the mid-1980s (Bakis et al., 2002) and later in the oil and gas industries including in 
pipeline fabrication and repair (Alexander & Francini, 2006). The initial attempts were confined to 
repair of onshore pipelines (Alexander & Worth, 2006), but later on this system extended to offshore 
pipelines (Alexander & Ochoa, 2010). 
Generally, any pipeline repair system including FRPs is classified in one of the four following 
categories (Palmer-Jones & Paisley, 2000): 
 Systems that prevent the future progression of corrosion;  
 Repairs that are intended to reinstate the strength of the pipe containing a part wall defect 
like gouging; 
 Repairs that are designed to enclose the fluid in case of failure; and 
 Repairs that will restore the strength of the pipe and contain the transported fluid in case of 
any failure incident. 
2.3 FRPs and pipeline rehabilitation 
Clock Spring(Clock Spring Company) is recognised as the first composite repair system used for 
the pipeline rehabilitation and repair. It comprises a hard shell made up of several layers that are 
glued together with special adhesives. Under a five-year research program, the performance of this 
 21 
Background  
product for pipelines was studied. In the mid-1990s, the wet layup system started to appear as the 
preferred method. StrongBack was the first wet layup system manufactured by Air Logistics 
Corporation (Air Logistics Corporation ). This product was a combination of glass fibre and water 
activated resin. Aquawrap was another water-activated product, produced by Air Logistics 
Corporation. Extensive testing was carried out on this product to address its efficiency in mechanical 
damage repair (Alexander, 2005; Alexander & Francini, 2006). Armor Plate is a product produced 
by Armor Plate Inc. in 1997. This product is designed to withstand certain environmental conditions 
such as high temperature and cold weather, as well as underwater repair (Armor Plate Inc.). 
PermaWrap (WrapMaster) is a product similar to the Clock Spring which employs a hard shell 
with an adhesive installed between layers. T.D. Williamson, Inc. (T.D.Williamson) developed an FRP 
wrap similar to Armor Plate. This product comprises carbon fibres as reinforcement embedded in 
epoxy resin. The product has been named RES-Q but was also known previously as Black-
Diamond. RES-Q is claimed to be a permanent rehabilitation solution for liquid and gas pipelines. 
It utilises a stitched, bi-directional carbon fabric. A team of researchers from Australia’s 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) and PETRONAS, Malaysia’s 
national oil and gas company, has developed a new technology called PIPEASSURE. 
PIPEASSURE is a composite material which consists of a fibreglass reinforcement saturated in a 
special resin matrix (Commonwealth Scientific and Industrial Research Organisation (CSIRO), 2014). 
There are several commercial products available in both wet layup and layered systems such as 
Powersleeve (Air Logistics Corporation ), Bolder Wrap(Comptek Structural Composites Inc.), 
Diamond Wrap (Citadel Technologies), Viper-Skin™ (Neptune Research Inc.), Syntho-GlassXT 
(Neptune Research Inc.), A+ Wrap™ (Pipe Wrap), HydraWrap (HydraTech Engineered Products, 
2010), METALCLAD DuraWrap(ENECON® Corporation), Weldwrap(WrapMaster), StopIt 
(InduMar Products Inc.) , Sitejacket (Industrial Composite Contractors (ICC)) and FAST-
Pipe(Salama, 2011). What differentiates these from one another is the type of fibre, type of resin 
and volume fraction of each. 
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2.4 FRP pipeline rehabilitation and previous studies  
Past studies on FRP pipeline rehabilitation can be classified in the following groups: (i) repair systems 
and their effectiveness, (ii) long-term performance of the repair and (iii) behaviour of the repair and 
steel individually and as a composite element. 
Meniconi et al. (2002) performed a comprehensive series of tests aimed to fully understand how 
FRP layers interact in repairing corroded steel pipes. Comparing four different FRP repair systems 
applied to pipes and calibrating a FE model, they tested nine 20” nominal OD pipeline specimens of 
API 5L X60 steel with the thickness of 0.562” and a length of 3m under internal pressure. The 
specimens had machined external or internal defects, 500mm long, 95mm wide and 10mm in depth, 
which was 70% of the pipe wall thickness. Seven pipes were tested after repair while two were 
tested unrepaired. The results they obtained revealed that up to the yield point of the steel pipe, 
steel is the main load-carrying component but beyond yield, FRP repair layers start to take a 
significant part of the pressure. This was due to the small displacements in the hoop direction as a 
result of steel resisting the deformations. 
In 2007, Freire et al. presented the results of an experimental investigation on 14 pipe specimens 
(J.L.F. Freire et al., 2007). The effectiveness of FRP repair on internally and externally damaged 
pipelines was evaluated by the development of a quantitative tool. The remaining strength factor 
(RSF) approach was used in this research, and it showed that RSF could be used to quantify the 
effectiveness of FRP repair systems for pipelines. It was found that the burst pressure resistance of 
damaged pipes repaired by FRPs could be restored to that of the undamaged pipes. Moreover, they 
compared four different repair systems under a particular loading protocol. Three repair systems 
allowed the damaged pipe to reach the original design pressure. Only three specimens passed the 
proposed loading protocol, but none of the repair systems passed all of the tests for both internal 
and external defects. It was indicated that the behaviour of pipes with internal effects were different 
from those that possess an external defect (Figure 2-2). 
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(a) (b) 
Figure 2-2 Circumferential strains at the centre of defect: (a) Internal defect (b) External defect(J.L.F. Freire et al., 
2007) 
Kessler et al. (2004), performed a series of tests to investigate the properties of one industrial FRP 
named Diamond Wrap® which is essentially a CFRP repair system. These properties included 
ultimate tensile strength and modulus in the longitudinal and transverse directions, lap shear 
strength, glass transition temperature and the coefficient of thermal expansion. In addition, full-
scale fatigue and static rupture tests were carried out to investigate the effectiveness of the 
overwrap repair. Defects with different depth and shape (axisymmetric and rectangular shape) were 
machined into the outer surface of 1.5 m A-106 grade B steel pipes. The results obtained from static 
rupture tests revealed that upon using the FRP layer, the rupture pressure of the defective pipes 
increased up to 180% in comparison with the unrepaired pipe. Furthermore, based on the results of 
the fatigue tests, using the overwrap repair, the life of a damaged pipe subjected to cyclic pressure 
loading would be increased. In 2005, the same researchers (Wilson et al.) presented results of more 
comprehensive fatigue tests. They had considered two test plans. The first test plan was more 
severe with sharp defect edges in which the cyclic pressure varied from 13 to 113% of the Maximum 
Allowable Operating Pressure (MAOP). The second test plan replicated conditions similar to the real 
environment of an operating pipeline with blunt shape defect and the pressure fluctuations in a 
range of 55 to 100% of MAOP. In all of their cyclic tests, failure occurred in steel as a hoop type 
failure and the overwrap FRP layer remained intact. The tests indicated that for the defect 
presenting 80% wall loss, the carbon FRP overwrap increased the fatigue life of the defective pipes 
from almost zero to greater than 110000 loading cycles. Also based on the second test plan, the 
static rupture results after fatigue did not show any degradation of the failure pressure in 
comparison with the rupture results of pipes that were not fatigued. 
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Duell et al (2008) performed numerical modelling supported by laboratory testing on two 1.5m A-
106 Grad B pipes with 452mm diameter and 7.1mm wall thickness which were externally machined 
to simulate damage with 15.1mm width and 50% wall loss. The length of damage was 15.1mm in 
the first specimen but full circumferential in the second one. The repair system utilised putty and 
carbon/Epoxy composite. The specimens were pressurised up to the rupture pressure, which was 
43.8MPa and 43.1MPa for the patch and circumferential defects respectively. The rupture occurred 
as the FRP exploded, and the steel pipe burst along a longitudinal crack running the full length of 
the defect region (Figure 2-3). This information was used to validate an FEA, which was performed 
using ANSYS. Results obtained from the numerical modelling performed were in good agreement 
with the test results. It was also revealed that the defect length in the hoop direction had little 
impact on the failure pressure. The team did not study the effects of defect length along the axial 
direction, depth of defect and the overwrap thickness. 
 
Figure 2-3 Example of a ruptured vessel with an axisymmetric defect (Duell et al., 2008) 
The analytical distribution of stress-strain used in the study, is shown in Figure 2-4. The stress-strain 
distribution shown is applicable to a thin layer of resin that adheres to the steel and the flexible fibre 
overwrap. Based on the results of the study, when the repaired pipes were pressurised under a 
monotonic static loading regime, the pipes burst violently, with the wrap exploding and the steel 
pressure vessel rupturing along a longitudinal crack running the length of the defective region. This 
failure behaviour is different from the failure pattern observed by Freire et al. (2007) wherein prior 
to the steel yielding, the composite material started to work effectively carrying a significant portion 
of the load pressure. This makes the systems with larger defects more susceptible to defect or 
material variations within the FRP wrap than the repaired pipes with smaller defect regions, which 
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could result in lower ultimate burst pressures. It is clear that the results are not conclusive and 
further experimental and numerical studies containing other variations such as long and narrow 
defects or axisymmetric flaw geometries and varying repair thicknesses are required to understand 
the relation between repair components and failure patterns in pipelines repaired with fibre-
reinforced composites. 
 
 
Figure 2-4 FEA predicted radial, hoop, and axial stress at the centre of the 50% wall loss defect from the inside of 
the pipe wall to the outside of the FRP wrap at burst pressure(Duell et al., 2008) 
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Comparing the results obtained by Duell et al (2008) and Wilson et. al (2005) shows that the lifetime 
of a narrow defect in cyclic loading is much shorter than a wide defect (900 cycles for 1 × 6 defect 
and 3299 cycles for 1 × 3 defects) and the overwrap layer remains intact. In monotonic static 
loading, repaired pipes burst with the explosion of the wrap followed by a crack running along the 
longitudinal direction in the defect zone. 
In 2006, a joint industry program was undertaken to evaluate four different commercial FRP repair 
systems by use of a full-scale test program (Alexander, 2007; Ochoa & Alexander, 2007). During this 
program, each manufacturer was required to produce three different samples. Twelve specimens 
that were collected this way were destructively tested. Tests included a burst pressure test, tension 
to failure test and a four-point bend test. An external axisymmetric defect was machined in the 
middle of each pipe sample to simulate the external corrosion. The aim of the study was to 
determine the effectiveness of different repair systems. A strain-based design method was 
employed to design the repairs. The results confirmed the effectiveness of the FRPs in repair of 
pipelines. The ratio of average failure loads for the repaired pipes to the unrepaired pipes for the 
internal pressure and tension load were 2.0 and 1.72, respectively. 
Alexander (2007; 2008; 2010) proposed an FRP repair system (CRA) for the repair of risers in 
offshore pipeline industries. Carbon is a good cathode and will cause galvanic corrosion on the high 
alloy metal when the two are in direct contact (Tavakkolizadeh, 2001). For this reason, Alexander 
proposed using an E-glass layer in between the carbon fibres and the steel pipe as it prevents the 
formation of the galvanic cell. He also used an outer layer of E-glass as the final finish of repair, to 
protect the repair system against any probable impact. In between the inner and outer layers, 
carbon fibres were used axially and circumferentially to provide integrity in bending and tension 
respectively, when the repaired pipe was subjected to increasing internal pressure. Limit state 
analysis and strain-based design method were used in this research and some simple formulae 
based on thin wall theory were employed to design the repair. CRA design was supported by FEA. 
Three full-scale tests including burst pressure, tension with constant pressure and bending with 
constant pressure and tension were carried out on the repaired pipe specimen. Application of the 
combined loads (bending, axial force and internal pressure simultaneously) is one of the strong 
points of this research, which simulates the real field conditions for a riser operating in the splash 
zone. Recorded data for strain, deflection, pressure, and bending/tensile forces and the post-
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processed results of numerical investigation were shown to be in good agreement. Also, the failure 
loads of the test specimens validated the safety of the selected design margins (Alexander et al., 
2008). 
In most of the studies performed on pipeline repair, only the effects of internal pressure were 
studied while, in real cases, external forces in addition to internal pressure might exist with 
significant effects on the overwrap behaviour. Shouman and Taheri (2009, 2011) investigated the 
behaviour of a repaired system under combined loading conditions. Their study included laboratory 
testing in addition to extensive parametric study and FE modelling. Their FRP repair consisted of an 
eight-layer unidirectional E-glass fibres and epoxy adhesive wrapped around the pipe, which had an 
external defect. They found that the repaired pipe tended to buckle locally at a location adjacent to 
the FRP repairer wrap. The FE study revealed that the maximum strains would not occur in the post-
repaired defect region but rather in the unrepaired section of the steel pipeline (Figure 2-5). It was 
shown that increasing the thickness of the wrap did not improve the pipe strength in the axial 
direction (Figure 2-6) but prevented the pipe yielding in the defect region. Increasing the length of 
repair enhanced the axial performance of the repaired pipe. 
 
Figure 2-5 Comparison of the actual buckling shapes and those predicted by the finite element method (Shouman 
& Taheri, 2011) 
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(a) (b) 
Figure 2-6 Effect of thickness of FRP wrap on (a) Moment–curvature response of repaired pipelines,(b) Moment-
longitudinal strain response of repaired pipelines (Shouman & Taheri, 2011) 
Lukács et al. (2010) conducted an experimental and numerical investigation on the externally 
repaired damaged pipelines. They aimed at looking into the deformation, stresses and strains in the 
area neighbouring the defects both in steel and in FRP layer. In their study, three different pipe sizes 
(seamless and seam-welded) with or without girth welds were tested. Fatigue and burst tests were 
carried out on unreinforced and reinforced pipe specimens. They showed that external reinforcing 
could be used quite effectively for pipes of different diameters and length subjected to quasi-static 
or cyclic loads. They suggested that a small number of CFRP layers are adequate for the repair of a 
very deep flaw if these are applied on the defect side, while the bandwidth does not have an 
important influence on the repair. Leong et al. (2011) performed a study on the performance of a 
newly developed resin composite overwrap system. The system has been designed for underwater 
and above water repair. The results showed its good performance in both zones. 
Long-term performance of the FRP repair has always been a concern for researchers. Cain (2008) 
performed a study on the longterm durability of GFRPs and investigated the post curing effect, 
fatigue, hydrothermal (combination of heat and moisture) and accelerated aging on glass reinforced 
composites. He found that the Purnell model was working well to predict the degradation of glass 
reinforced concrete, but not that well for GFRP. Sleeper et al. (2010) performed tests on 8-years 
water submerged CFRP samples as well as performing in-situ inspections. Their results proved the 
good long-term performance of the CFRP repair subjected to water exposure. The tensile strength 
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and elongation were increased by 8% and 12% compared to the un-aged samples while the modulus 
was decreased by approximately 16%. 
Esmaeel et al. (2012) studied the performance of over-wrapped pipes that had machined defects. 
His pipes were immersed in salt water under certain thermal and moisture conditions for 225 days. 
Experiments showed that the stiffness of FRP over-wrap decreased when subjected to the aged/hot 
environment while the maximum degradation level occurred in the aged specimens that underwent 
hot and moist environmental treatment.  
Alshrif et al. (2009) performed an experimental study to investigate the performance of a novel 
technique for repairing metallic pipes using over-wrapped composite materials supported with 
steel-bolted clamps to minimize delamination. They compared the results observed in the 
performed experiment with what they obtained from their numerical model. Good agreement was 
observed between the two set of results in the linear part. The discrepancy in the nonlinear part 
was justified as being resulted from matrix cracking (Figure 2-7). No discussion was made on the 
effectiveness of the used clamps. 
 
Figure 2-7 Stress versus strain for a pipe with 20mm defect hole(Alshrif et al., 2009) 
Based on the above, it is evident that the use of FRP over-wraps to repair pipes is relatively intact . 
comprehensive studies are required to be planned and performed in order to fully understand the 
behaviour of FRP repaired corroded pipelines. In terms of the defect size effect, a couple of studies 
(Duell et al., 2008; Freire et al., 2003; Meniconi et al., 2002) are recorded. These studies are limited 
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to certain size of defects limited in scope. A more thorough study is needed to investigate how 
length, width and depth of a defect, would affect the behaviour of a repaired pipe. The results of 
two research studies (J. L. F. Freire et al., 2007; Meniconi et al., 2002) are also available where the 
differentiation was made between internal and external though again the study was not adequately 
comprehensive. Considering the environment in which pipelines operate, it is important to 
investigate the long-term performance of FRP materials used for repair the of pipelines in greater 
detail. There are a few of such studies available in the literature. Sleeper et al. (2010) showed there 
were no degradation in tensile strength of GFRP after 8 years of freshwater exposure, while Esmaeel 
et al. (2012) and Cain (2008) measured the degradation in this parameter in their research. The 
amount of information available is not adequate to make a solid conclusion on the long-term 
performance.  
As is seen, in spite of the conducted studies, there remains a number of pressing issues on the 
behaviour of internally corroded pipelines repaired by FRP overwraps, such as the effect of size of 
defect and the long-term performance of the FRP repair.  
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Chapter 3: Current design codes 
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3.1 General 
This chapter elaborates on the design of FRP overwrap repair of pipelines. This begins with a 
discussion on the elastic behaviour of FRP composite lamina and the applicable failure criteria, 
following which the current design codes for FRP repair and their design equations are presented 
and a new approach to the design is introduced. The effect of pipe pressure at the time of 
application of repair is then discussed, and a modified equation is proposed that allows for this 
important consideration. The necessary analytical and numerical analyses that support this 
modified equation are also provided. 
An FRP lamina comprises an array of unidirectional fibres or a single layer of fabric embedded in a 
matrix. Such lamina is often treated as a quasi-homogeneous orthotropic layer, loaded in plane. 
Axes 1,2 and 3 are the principal axis as shown in Figure 3-1 (I.M. Daniel, 2007). 
 
 
Figure 3-1 Lamina coordinates, (A) Bidirectional (b) Unidirectional 
Firstly, it is necessary to review some basics of the elastic behaviour of materials in order to connect 
up this information with the FRP behaviour which is mostly linear to failure. The state of stress at a 
point in a continuum defined by a Cartesian coordination system can be presented by ij .  i, j are 
equal to 1,2,3 and the first subscript (i) shows the plane that the stress is acting on and the second 
(j) shows the direction of the stress. Figure 3-2 shows the state of stress at a point. 
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Figure 3-2 The state of stress at a point 
In the given stresses, ij  is equal to ji  and from now on the simplifications shown in Equation 3-1 
are considered. 
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The corresponding strength of FRP for each of the stresses (  or i i  ) is called Fi. In most structural 
applications of FRP, it is considered as an orthotropic material under plane stress. The assumptions 
presented in Equation 3-2 are applied to this kind of material. 
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As shown in Figure 3-3, the axes 1 and 2 are the principal axes. Typically, the loads applied to the 
lamina are not parallel to these axes but the loading coordinates (x, y) could be at an angle to the 
material principal axes. In this case, the stress components using the transformation relations 
(Equation 3-3) can be expressed and referred to the loading axes.  is the angle between the x and 
1 axes and is clockwise positive. Equation 3-3 and Equation 3-4 show the transformation matrix and 
its inverse. 
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Figure 3-3 Stress components in unidirectional lamina referred to loading and material axes 
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3.2 Failure criteria applicable to FRP lamina 
The failure of FRP laminas has been studied extensively. In general, two approaches have been taken 
towards FRP failure, being micro-mechanical and macro-mechanical. In the first approach, the 
failure in terms of loading, properties of fibres and matrix, interfaces and fibres are studied 
independently of one another. This approach does not accurately consider the imperfections and 
local failure initiation at critical points, which can start from fibre, matrix or their interface. As a 
result,it only approximately predicts the global failure of an FRP lamina, particularly the failure of 
multidirectional laminates at the ultimate rupture. Furthermore, when there is some degree of 
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interaction between different failure mechanisms, it is very difficult to obtain a reliable prediction 
of FRP strength under general loads using the micro-mechanical approach (I.M. Daniel, 2007). In the 
macro-mechanical approach, FRP lamina is modelled as an anisotropic material, the strength of 
which varies with changes in the loading orientation. In the macro-mechanical approach, it is easy 
to characterise the FRP behaviour based on basics parameters that are referred to the principal axes 
and then to obtain the strength properties along any arbitrary direction using an appropriate 
transformation matrix.  
Numerous criteria based on the macro-mechanical approach to FRP failure have been proposed 
(Kaw, 2006). These criteria are expansions of the failure criteria of homogeneous isotropic materials 
such as Rankine, Tresca or von Mises and are categorised into the following three groups: 
Limit or non-interactive criteria; here, the failure of FRP lamina is defined by a limit placed on the 
strain or stress of the lamina. There is no interaction between different stress components and the 
maximum stress. The maximum strain theories can be placed in this group. 
Interactive criteria; all stress components are represented in one equation, which defines the 
interactions amongst these components. The overall failure is predicted, but none of the different 
failure modes is referenced. Tsai-Hill and Tsai-Wu criteria are examples belonging to this group.  
Partially interactive or failure mode-based criteria; in this group, failure of each component and the 
interface are separately addressed. These criteria present several equations for failure. The Hashin-
Rotem and Puck theories are examples of the criteria that fall into in this group. Some of the more 
widely used criteria of the above list are discussed in the following sections. 
3.2.1 Limit or non-interactive criteria 
Some of the most used limit criteria are the ones that place a maximum limit on stresses or strains. 
Based on the maximum stress/strain criteria, when at least one of the stress/strain components 
(along the material principal axes) exceeds the ultimate strength/strain in that direction, the FRP 
lamina fails. The maximum stress criterion ignores any interaction in between the stress 
components. This criterion differentiates between normal compression and tension stresses and 
compares the obtained stress with the corresponding ultimate stress. The maximum stress theory 
works better with the non-ductile modes of failure of the material. Considering the Poisson’s ratio 
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ij  effect, the maximum strain criterion, considers some interaction between the stress 
components. 
For a two-dimensional state of stress 3 4 60 and 0     , Figure 3-4 shows the failure envelope for 
unidirectional FRP lamina under biaxial normal loading based on maximum stress and strain criteria.  
 
Figure 3-4 Failure envelop foe a lamina with bi-directional loading 
3.2.2 Interactive criteria 
Amongst the available interactive failure criteria for ductile metals, von Mises is popular, the two-
dimensional form of which is shown in Equation 3-6 where y  denotes the yield stress. 
 
Hill (1948) proposed a modification of this equation for application to ductile anisotropic metals. 
Azzi and Tsai (1965) later extended Hill’s equation to orthotropic FRP as shown in Equation 3-7 for 
the two-dimensional state of stress. Equation 3-7 is known as the Tsai-Hill criterion. 
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The Tsai-Hill criterion does not distinguish between compressive and tensile strength. Appropriate 
values based on Equation 3-8 should be chosen when compressive and tensile strengths are not 
similar.  
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The Tsai-Hill criterion is verified by off-Axis tensile testing of unidirectional FRPs (Azzi & Tsai, 1965). 
This criterion is expressed in a single form that has made it easy to use, while also considering the 
interaction among the stress components. Its disadvantage, on the other hand, is that it does not 
distinguish between tensile and compressive strengths.  
The Tsai-Wu (1971) is another interactive failure criterion. This criterion differentiates between 
compressive and tensile strengths. The two-dimensional form of Tsai-Wu criterion is shown in 
Equation 3-9. 
The required coefficients fij are strength based and can be computed as shown below in Equations 
3-10. 
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Similar to the Tsai-Hill criterion, this failure criterion is expressed in a single equation form. In this 
criterion, each of the interaction terms can be easily determined through appropriate experiments. 
As the coefficients are linear, the theory takes the difference between the compressive and the 
tensile strengths into consideration. 
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3.2.3 Failure mode based criteria 
The failure-mode-based criteria states that an FRP lamina fails in different modes depending on the 
loading, and there are differences among failures that happen in fibre, matrix and interface. 
Hashin and Rotem (1973) found that an FRP lamina under an in-plane loading can fail in two 
different modes, fibre failure and interfibre (matrix/interface) failure. They proposed the following 
failure criteria shown in Equations 3-11. 
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Later on, Hashin (1980) improved the Hashin-Rotem criterion by adding the effect of transverse 
shear strength into the criterion. 
Another failure criterion was developed by Puck and Schürmann (1998), based on the physical 
behaviour of the FRP. Similar to the Hashin-Rotem criterion, the Puck’s criterion, distinguishes 
between the modes of failure. This criterion accounts for the nonlinear stress-strain relationship, 
defining the interfibre failure through three different failure criteria. The Puck’s criterion is more 
complicated when compared with the Hashin-Rotem criterion and is thus less attractive. 
3.2.4 Evaluation of the failure theories 
As mentioned before, several FRP failure criteria are available for the structural applications of FRPs. 
These criteria can be graphically compared as illustrated in Figure 3-5. The failure surfaces of most 
of these criteria are closer to each other in the first quadrant, with the maximum strain theory 
standing the highest in this zone. In quadrants 2 and 4 that are compression-tension, the maximum 
stress is the highest prediction while Tsai-Wu is the highest in the compression–compression zone. 
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Figure 3-5 Failure envelop for unidirectional carbon/epoxy laminate under biaxial loading(I.M. Daniel, 2007) 
Figure 3-5 shows the comparison between the theoretical failures although the accuracy of these 
criteria is not shown in the figure. In order to find the level of accuracy of each criterion, the 
predictions need to be compared with the experimental data. Sun (2000) performed a 
comprehensive review of the six of the available theories and compared the theoretical predicted 
results with the experimental data under different loading conditions (Figure 3-6).  
 
Figure 3-6 Comparison of various failure theories for uniaxial lamina under the off-axis loading (I.M. Daniel, 2007; 
C. T. Sun, 2000) 
It can be seen that the failure-mode-based criterion, Hashin-Rotem and two interactive criteria, 
Tsai-Wu and The Tsai-Hill have a good conformity with the experiments when orientation varies 
between 15◦ and 75◦. The two non-interactive criteria, maximum stress/strain at the orientation 
about 40◦ show the highest deviation from the experimental data. The dominant failure mode at 
this point transfers from shear to transverse tension (Issac M. Daniel & Ishai, 2005). Another test 
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was the interaction between the in-plane shear stress and the transverse normal stress. Figure 3-7 
shows that all interactive criteria (Tsai-Hill, Tsai-Wu and Hashin-Rotem) are in good agreement with 
the experiment when 2>0 On the other hand, when 2<0, only the Tsai-Wu criterion is in 
agreement with the experimental data. 
 
Figure 3-7 Failure envelopes for unidirectional lamina under transverse normal, and shear loads obtained by 
different failure theories (I.M. Daniel, 2007; C. T. Sun, 2000) 
3.3 FRP repair design codes 
In 2006, the first revision of two international codes ISO/TS-24817 (ISO, 2006) and ASME PCC-2 
(ASME, 2006) was published to assist the engineers in designing reliable FRP overwrap repairs. The 
former is recognised as a general code that covers pipes with different materials from steel to FRP 
while the latter is specifically focused on steel pipes. 
ASME PCC-2 and ISO/TS 24817 provide the guidelines for designing a repair system with sufficient 
stiffness, strength and thickness. The design revolves around the determination of a minimum 
thickness for the FRP wrap that reinstates the capacity in the pipe to resist the design pressure in 
the presence of other probable loads in addition to the design pressure. 
Both of the aforementioned codes design the repair of pipes in the hoop and axial directions so that 
the original design pressure can be reinstated, then select the stronger of the two as the design 
repair.  
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In the axial direction, both codes design for an equivalent imaginary force that is supposed to induce 
similar overall axial stress in the system as all other loads and moments combined. ISO presents this 
equal force as Equation 3-12: 
2 2 2 2 244
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D

      Equation 3-12 
In which P is the internal design pressure; Dp is the external diameter of pipe; V is the applied shear 
load; Mt is the applied torsional moment; F is the applied axial load and Mb is the applied bending 
moment. Unlike ISO, ASME does not propose a particular equation to calculate the equivalent axial 
force but rather leaves it to the designer to calculate it based on his/her judgment. ASME only 
indicates that the axial tensile load generated by a bending moment is 4Mb/D.  
For the hoop direction, ISO proposes Equation 3-13 in order to calculate an equivalent pressure.  
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 Equation 3-13 
ASME’s hoop design equation is based only on internal pressure. ASME ignores the contribution of 
other loads such as the shear force and the torsional moment in generating hoop stresses. As can 
be seen, ISO is a rather more advanced code when it comes to the calculation of effective axial force 
and effective pressure.  
In addition to these, there is a pressure called “live pressure” (denoted by Plive) that is used in both 
codes for the design of overwrap repair. Live pressure is the operating pressure at the time of 
application of repair, which is naturally lower than or equal to the maximum allowable working 
pressure of the defective pipe.  
With regard to designing FRP overwrap repair against the equivalent design pressure and the 
equivalent axial load, a range of FRPs is recognised by the codes. These are typically those with 
aramid (AFRP), carbon (CFRP), glass (GFRP) or polyester or similar reinforcing fibres. The fibres are 
embedded in a polyester, vinyl ester, epoxy or polyurethane matrix. The output of the design is the 
thickness of the FRP. 
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Both design codes have taken the same approach towards considering the treatment of corrosion 
based on the extent of damage. The codes identify two potential defect types A and B as follows: 
Type A: the defect is within the steel but is not leaking and is not expected to become a through-
wall defect during the extended life of the repaired pipe. The defect can be internal or external. In 
Type A, the depth of the defect is the only design parameter, which in both codes is considered to 
be fully circumferential with a constant remaining pipe wall thickness. 
Type B: the defect is through-wall, and the leaking steel requires both structural strengthening and 
sealing of the through-wall flaw. For active internal corrosion, if the remaining wall thickness is 
expected to become smaller than 1 mm at the end of the pipe service life, the repair design should 
be performed assuming a through-wall defect. Unlike Type A, the shape of the defect has a 
significant effect on the repair design in Type B. The defect shapes considered for Type B are 
circumferential, circular, near-circular and non-circular shapes with an aspect ratio smaller than five. 
Due to similarities between the two major codes, design based on ISO 24817 is presented in detail. 
The significant differences that exist in between ISO and ASME are elaborated in the subsequent 
section. 
3.3.1 Design based on ISO 24817 
According to ISO 24817, each repair should be allocated to a particular class following the 
completion of a risk assessment. Repair classes are defined in Table 3-1. Class 1 repair covers design 
pressures up to 1MPa (10 bar) and design temperatures up to 40°C and is appropriate for the 
majority of utility service systems. This class is intended for systems that are not safety-sensitive. 
Class 2 repair covers design pressures up to 2MPa (20 bar) and design temperatures up to 100°C 
excluding hydrocarbons. This class is suitable for systems that possess specific safety-related 
functions. Class 3 repairs cover all fluid types and pressures up to the qualified upper pressure limit. 
This class is suitable for systems transporting produced fluids. Applications, in which the service 
conditions are more onerous or not included in the above, are designated as Class 3. This 
classification will be used in defining the FRP allowable strain and the pipe de-rating service factor, 
which are required for certain design methods that will be discussed in the following sections. 
Depending on the class of repair and the target repair lifetime, allowable strains in the FRP can be 
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chosen from Table 3-2. The ratio of Ea/Ec identifies different FRPs where Ec and Ea are the FRP repair 
circumferential and axial elastic modules respectively. 
 
Table 3-1: Repair classes (ISO, 2006) 
Repair class Typical service Design pressure Design temperature 
Class 1 Low specification duties, e.g. 
static head, drains, cooling 
medium, sea(service) water, 
diesel and other utility 
Hydrocarbons 
< 1 MPa < 40°C 
Class 2 Fire water/Deluge systems < 2 MPa <100°C 
Class 3 Produced water and 
hydrocarbons, flammable 
fluids, gas systems 
Class 3 also covers operating 
conditions more onerous 
than described. 
Qualified upper limit Qualified upper limit 
 
For defect Type A: 
For this defect type, based on the available information and the project specifications, the designer 
is allowed to select different levels of design complexity based on his own judgment. 
Method 1: Applicable to low level corrosion as judged by the designer and where long-term 
performance data are not available. 
Method 2: Applicable to cases where, either due to high corrosion or lack of evidence to the 
contrary, the steel pipe cannot be relied upon and where long-term performance data are not 
available. 
Method 3: Elaborate design based on long-term performance testing data. 
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Table 3-2 Allowable strain for FRP laminates as a function of the repair lifetime (ISO, 2006) 
Modulus 
Allowable strain 
Class 1 (%) 
Allowable strain 
Class 2 (%) 
Allowable strain 
Class 3 (%) 
Repair lifetime 
(Years) 
2 10 20 2 10 20 2 10 20 
For Ea>0.5Ec 
c  
a  
For Ea>0.5Ec 
c  
a  
 
0.40 
0.40 
 
 
0.40 
0.25 
 
0.32 
0.32 
 
 
0.32 
0.16 
 
0.25 
0.25 
 
 
0.25 
0.10 
 
0.35 
0.35 
 
 
0.35 
0.10 
 
0.30 
0.30 
 
 
0.30 
0.10 
 
0.25 
0.25 
 
 
0.25 
0.10 
 
0.30 
0.30 
 
 
0.30 
0.10 
 
0.27 
0.27 
 
 
0.27 
0.10 
 
0.25 
0.25 
 
 
0.25 
0.10 
 
For defect Type B: 
For this defect type, the designer has to design the repair based on one of the methods mentioned 
for defect Type A, in addition to designing it as a through-wall flaw. The results are to be compared, 
and the stronger to be chosen. 
The above methods are discussed in the following. 
3.3.1.1 Type A: Method 1 
This method is often chosen when there is adequate evidence that suggests the remaining thickness 
of the pipe is still significant. In this case, contribution of the remaining thickness of the pipe is 
considerable. The desired outcome of the design, as mentioned previously, is the minimum 
thickness of the FRP wrap that reinstates its capacity to the original non-corroded capacity. Here, it 
is assumed that the steel pipe is capable of handling the axial stresses reasonably well, and the FRP 
repair is only helping in the hoop direction. As a result, the FRP has to be adequately strong in the 
hoop direction only. The minimum required thickness is then calculable using Equation 3-14 where 
Plive is the internal pressure in the pipe at the time of repair application. 
( )
eq p live ps
c
c c c c c c s s
P D P Dt
s
2E t E t 2 E t E t
   

 Equation 3-14 
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Having c from Table 3-2, the minimum thickness can be easily calculated from Equation 3-14. ISO 
indicates that the repair thickness should not exceed D/6. 
3.3.1.2 Type A: Method 2 
This method is used for non-leaking pipes if the designer decides to ignore the remaining strength 
of the corroded pipe in the load carrying capacity due to high-level corrosion or lack of adequate 
information on the extent and geometry of corrosion and the mechanical properties of the existing 
pipe. In doing so, the repair thickness is calculated based on the FRP allowable strain only. Two 
thicknesses are to be found; one based on stresses in the hoop direction and one based on stresses 
in the axial direction as given in Equation 3-15 and Equation 3-16 respectively. The greater of the 
two represents the minimum thickness of the required repair FRP. The FRP must have a load carrying 
capacity in the longitudinal as well as circumferential direction due to the fact that the FRP is the 
only material relied upon to carry the axial and/or circumferential loadsl. 
min
eq eq
c c c
p D F1
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2E D E

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 
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 
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 
 Equation 3-16 
 
In Equation 3-15 and Equation 3-16, c  and a  are the FRP repair allowable circumferential and 
axial strains, and   denotes Poisson’s ratio of the FRP repair laminate in the circumferential 
direction. c  and a  should be determined based on Table 3-2. 
3.3.1.3  Type A: Method 3 
The designer is allowed to choose this method provided that he/she has access to long-term 
performance data. ISO has proposed three different methods for carrying out performance based 
testing. These methods are described in the Annex E of ISO/TS 24817 as: 
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 Survival testing, in which the repair system is subjected to a period of sustained loading for 
1,000 hours; 
 Regression testing based on a series of tests on the repair system over different time periods 
and extrapolation to design life; 
 Regression testing of representative coupons followed by confirmation of long-term coupon 
test results with survival testing. 
Once the data is obtained, similar to the first two methods, two possibilities would arise; i) design 
assuming that part of the steel is intact and ii) design ignoring the steel. Equation 3-17 contains the 
formula for calculating tc for case (i), and Equation 3-18 is the formulae for case (ii). 
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eq eq
c
lt perf
p D F 1
t
2 D s f


  
     
  
 Equation 3-18 
As is seen, these are essentially similar to Equation 3-15 and Equation 3-16 with the only difference 
that the incorporation of Plive in the design is ignored and ECc is replaced with lts  which is the 
lower confidence limit of the long-term sustained stress. The resultant tc is then increased by the 
inverse of perff which is the service de-rating factor determined from Table 3-3. When it comes to the 
axial direction, the code does not see any need to consider the de-ratings and the lower confidence 
limits and allows the use of Equation 3-18 without any modification for the service de-rating and 
the lower confidence limit of stress. 
 
Table 3-3 Service factor fperf , for performance data of repair systems(ISO, 2006) 
Service factor Class 1 Class 2 Class 3 
Repair lifetime, years 2 10 20 2 10 20 2 10 20 
1000 h data 
 
Design life data 
0.83 
 
1 
0.65 
 
0.83 
0.5 
 
0.67 
0.67 
 
0.83 
0.58 
 
0.75 
0.5 
 
0.67 
0.6 
 
0.75 
0.55 
 
0.71 
0.5 
 
0.67 
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3.3.1.4 Type B: Through-wall defects 
By definition, a defect in the pipe is through-wall if the remaining pipe wall thickness at any point is 
1mm or less or if it is expected to be so at the end of the extended design life of the pipe (after 
repair). Design of the repair then varies based on the defect shape. ISO 24817 has considered three 
different shapes of defect, which are circular or near circular, axial slots, and circumferential slots. 
The design for a through-wall defect is based on experiments and requires performance test data.  
3.3.2 Design based on ASME PCC-2  
The ASME PCC-2 approach is similar to ISO 24817 with only minor differences that are discussed 
below: 
 ASME PCC-2 does not define any repair class but has two different articles about non-
metallic repairs. Article 4.1 discusses high-risk applications and Article 4.2 discusses about 
low-risk applications; 
 For the case in which the pipe contribution in carrying the load is considered, ASME PCC-2 
suggests an equation similar to that of ISO 24817 (Equation 3-14) with two differences: i) the 
substitution of the term “pipe allowable stress” by “Specific Minimum Yield Stress” which is 
the minimum yield stress of a pipe grade and ii) the assumption that the steel pipe yields, 
behaving as an elastic perfectly plastic material without any hardening after yield; 
 In ASME-PCC2, the allowable strain for repair laminate is slightly different from the ISO 
standard. ASME values are as given in Table 3-4. 
Table 3-4 Allowable (long-term) strain for repair laminate (ASME, 2011) 
Load type Symbol 
Rarely 
occurring, (%) 
Continuously 
sustained, (%) 
Ea > 0.5Ec 
c  0.40 0.25 Ec > 0.5Ea 
Circumferential c  0.40 0.25 
Axial a  0.25 0.10 
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4.1 General 
In this chapter, two of the more important issues relevant to modelling are discussed. One 
is the effect of live load on FRP overwrap design and the other is the use of Tsai-Hill criterion 
in the design. The former is important as the way it is treated in the current codes is wrong 
in the opinion of the author. It will be proved here that the live load has no effect whatsoever 
on the design of over-wraps and should therefore be discarded in the design  procedure. This 
is unlike ASME and PCC2 which both allow for the live load in the design. The latter is the 
most relevant criterion for the design of FRP overwraps and will be discussed in detail as is 
relevant to the case of pipelines overwrapped with FRP. 
4.2 Effects of live load on FRP overwrap design 
As shown in Equation 3-14, both design codes have included Plive in their design equations for defect 
Type A, Method 1, although interestingly (and correctly as will be seen here), neither code has it 
considered for defect Type A, Method 3. The inclusion means that the amount of internal pressure 
at the time of repair application has a significant effect on the design of repair FRP laminate. To the 
contrary, the author believes that Plive does not affect the repair laminate thickness. Because the 
FRP is only applied after the Plive has pressurised the steel to an initial strain, the FRP would not 
contribute in carrying the original pressure and as a consequence, Plive should not affect the strain 
in the FRP. The applied FRP repair will only be strained when the internal pressure differs from the 
Plive pressure. Using the following analytical approach, this can be proven.  
4.2.1 Analytical method 
The main assumption is that the pipe to be repaired is thin-walled meaning that its diameter to 
thickness ratio is more than 20, which is the case considered in the codes as well. The repair is 
assumed to be applied to the damaged pipe at the internal pressure Plive. The strain in the damaged 
pipe 0  due to the internal pressure Plive, before applying the repair can be found from Equation 4-
1. 
 51 
Modelling issues  
0
2  
live
s s
P D
t E
   Equation 4-1 
After applying the repair, the average elastic modulus of the pipe and FRP assembly, Eav is calculated 
using Equation 4-2. 
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The strain in the repaired pipe at the internal pressure Pyield that causes yielding of the steel pipe is 
then calculable from equilibrium as given in Equation 4-3. 
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The yield strain of the pipe is also given by Equation 4-4: 
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Equation 4-3 and Equation 4-4 and solving for Pyield gives Equation 4-5: 
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For the simplicity of calculations, the behaviour of the steel material is assumed to be elastic 
perfectly plastic. Therefore, as the pressure rises above Pyield, the steel pipe carries no further load, 
and any further load is only taken by the FRP. Hence, the strain in the FRP due to the pressure 
beyond Pyield is given by Equation 4-6: 
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Finally, the total hoop strain in the pipe, as calculated by summing all the strains, becomes:  
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Moreover, the strain in the FRP repair laminate is then calculable using Equation 4-8 
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Equation 4-8 
Substituting for Pyield from Equation 4-5 and simplifying, gives: 
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    Equation 4-9 
Where tmin is the minimum required thickness of FRP. Equation 4-9 suggests that the strain in the 
FRP repair laminate is independent of the live pressure acting on the pipe at the time of repair 
application.  
4.2.2 Finite Element (FE) parametric study 
To perform a further evaluation of the validity of including Plive in Equation 3-14, a parametric study 
was carried out using finite elements. A range of repair scenarios were assumed; the repair thickness 
was calculated according to ASME PCC-2 and ISO 24817 (Equation 3-14) and Equation 4-9. The 
corresponding hoop strain in the pipe and the repair laminate for each design scenario were 
estimated using the finite element method at the design pressure, then compared with the 
allowable FRP strain. The geometrical and mechanical properties of the pipe to be repaired are given 
in Table 4-1. The design pressure for the pipe was calculated to be 27.25 MPa according to ASME 
B31.4, considering a design factor of 0.72 (ASME, 2009). 
Table 4-1 Pipe sizes and pipe material 
Pipe Material: API 5L X65 Pipe size:150 ND 
Modulus, [GPa] 200 OD, [mm] 168.3 
Yield, [MPa] 448 Wall, [mm] 7.11 
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The repair laminate was assumed to be reinforced with a bi-directional carbon fibre woven fabric 
with equal number of tows by weight in the weft and warp direction. The matrix was assumed to be 
epoxy. The laminate properties used for the finite element simulation were calculated using rule-
of-mixture (I. M. Daniel & Ishai, 1995), assuming a fibre volume fraction of 40%. The laminate elastic 
properties are given in Table 4-2. To calculate the repair thickness, the FRP allowable strain (εc) was 
limited to 0.3 %, selected as a number in between the two extremes (0.25% and 0.40%) proposed 
by ASME PCC-2 and equal to the allowable strain for a class 2 repair with a 10-year lifetime. 
Table 4-2 Laminate mechanical properties 
Modulus in the thickness direction [MPa], ETT 7560 
Modulus in the hoop direction [MPa], EHH 50600 
Modulus in axial direction [MPa], EAA 50600 
Poisson’s ratio, νTH 0.05 
Poisson’s ratio, νTA 0.05 
Poisson’s ratio, νHA 0.04 
Shear modulus [MPa], GTH 3170 
Shear modulus [MPa], GTA 2200 
Shear modulus [MPa], GHA 3170 
Allowable repair laminate circumferential strain, εc 0. 3 % 
 
Different design scenarios that were considered in this dissertation are presented in Table 4-3. The 
erosion/defect was assumed to be circumferential with a constant depth; the wall thinning was 
considered to vary in the range of 30% to 80% in steps of 10%. The maximum allowable internal 
pressure for the corroded pipe was calculated based on ASME B31.4 considering the remaining wall 
thickness of the pipe. In the study, the live pressure varied from zero to 100% of the maximum 
allowable live pressure in steps of 25%. The minimum laminate thickness for each repair situation 
was calculated using Equation 3-14 (based on ISO24817 and ASME PCC-2) and Equation 4-9 as given 
in Table 4-3. 
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Table 4-3 Different design scenarios 
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Plive 
(Percentage of the maximum allowable internal pressure) 
0 25 50 75 100 0 25 50 75 100 
80 5.45 10.9 10.4 9.9 9.5 9.0 12.1 11.6 11.1 10.6 10.1 10.9 
70 8.18 8.8 8.3 7.7 7.2 6.8 10.6 10.0 9.4 8.8 8.3 8.8 
60 10.90 6.7 6.2 5.7 5.3 4.9 9.1 8.4 7.8 7.3 6.8 6.7 
50 13.63 4.6 4.2 3.8 3.5 3.2 7.6 6.9 6.4 5.9 5.4 4.6 
40 16.35 2.5 2.3 2.0 1.8 1.7 6.0 5.5 5.0 4.6 4.2 2.5 
30 19.08 0.4 0.4 0.3 0.3 0.3 4.5 4.1 3.7 3.4 3.1 0.4 
The pipe was modelled assuming an elastic-perfectly-plastic behaviour with a yield stress of 448 
MPa. The material orientation for the anisotropic repair laminate is shown in Figure 4-1. The repair 
laminate through thickness modulus, ETT and the axial modulus, EAA were orientated along the 
directions ‘1’ and ‘2’ respectively as shown in Figure 4-1 (b).  
The pipe and the repair laminate were modelled using 2D axisymmetric elements (ABAQUS CAX4R; 
which is a 4-node bilinear axisymmetric quadrilateral, reduced integration and hourglass control 
element) (SIMULIA, 2014). The FE mesh consisted of 800 and 2400 elements for the pipe and the 
repair laminate as shown in Figure 4-1 (a). The repair laminate thickness for each model is given in 
Table 4-3. 
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a 
 
b 
Figure 4-1 (a) FEA mesh, (b) Material orientation for repair laminate 
The axisymmetric pipe and FRP repair laminate was constrained using symmetrical boundary 
conditions along the wall thickness in the Y-axis near the lower end of the assembly as shown in 
Figure 4-2. The pressure loading was applied to the internal surface of the tube. The pressure loading 
for all models started from Plive and gradually ramped up to the design pressures. 
 
Figure 4-2 Boundary condition definition for the FEA model 
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The interface between the pipe and the repair laminate for models with zero Plive was modelled 
using tie constraint i.e. the bond between the pipe and the repair laminate was assumed to be 
perfect. In the other models, the interface between the pipe and the repair laminate was modelled 
using standard surface-to-surface contact between the pipe outer surface and the repair inner 
surface. The tangential (sliding) behaviour of the contact surface was modelled as rough surface, i.e. 
once the contact surface nodes come in contact the sliding ceases. The normal behaviour of the 
contact surface was modelled using the penalty method, and no separation was allowed once the 
surfaces had come in contact with one another. The above-specified interaction properties lead to 
perfect bonding between the contact surfaces once they make contact. For the models where the 
repair was applied at non-zero live pressure, a small gap was modelled between the pipe and the 
repair laminate as shown in Figure 4-3. The gap was equal to the expansion of the pipe under Plive. 
Consequently, when the live pressure was applied, the pipe outer diameter and the repair inner 
diameter come into contact, as shown in Figure 4-3, and a perfect bond was simulated.  
 
 
Figure 4-3 FEA Model (Plive>0) showing the gap between pipe and repair laminate 
The strain in the FRP repair laminate predicted by the finite element analysis at the design pressure 
for the repair designed according to ASME, ISO (Equation 3-14) and Equation 4-9 are shown in 
Figure 4-4. Ideally, the strain in the repair laminate at the design pressure should not exceed the 
allowable FRP strain but, as is seen, the maximum strain in the repair laminate designed according 
to Equation 3-14 (ASME/ISO) exceeds the allowable FRP strain for various repair situations.  
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At zero live pressure, the repair thicknesses calculated using ASME and Equation 4-9 are similar, 
which brings about similar strains in the FRP repair. The corresponding strain varies from 0.21% to 
0.3% for wall thinning of 30% to 80% respectively. The repair thickness calculated using ISO is larger 
than ASME and Equation 4-9 because the ISO standard uses allowable stress in Equation 3-14 and 
the allowable stress is less than the yield stress of the pipe material. The strain in the ISO repair 
laminate at the design pressure is 0.17% to 0.27% for wall thinnings of 30% to 80% respectively, 
which is less than ASME and Equation 4-9 laminate strain.  
 
Figure 4-4 Comparing strain in the FRP at design pressure 
As the live pressure increases, the repair thickness designed according to ASME decreases for a given 
wall thinning because in Equation 3-14, subtraction of strain due to Plive offers a thinner repair 
(Table 4-3). However, the repair thickness generated using Equation 4-9 stays the same, as it is 
independent of the live pressure. Now comparing the strain in the repair laminates (Figure 4-4), it 
is clear that the strain in the ASME laminate is more than the strain in the laminate designed using 
Equation 4-9 for non-zero live pressure. The strain in the ASME laminates increases linearly with the 
rise in the live pressure and exceeds the allowable strain, suggesting that the repair wall thickness 
is inadequate to limit the strain in the repair laminate. On the other hand, the strain in the laminate 
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designed based on Equation 4-9 is not affected by the live pressure and stays unchanged, signifying 
that the strain in the FRP repair is independent of the live pressure.  
For the majority of the design situations, the ISO laminate repair thickness is larger than that given 
by Equation 4-9 for the laminate thickness because in Equation 3-14, ‘s’ is the allowable stress, which 
is smaller that the yield stress of the pipe material. At higher live pressures and larger wall thinning, 
however, Plive becomes a dominating factor and the repair thickness predicted by the ISO standard 
is smaller than that given by Equation 4-9 (Table 4-3). The strain in the ISO laminate predicted by 
FEA was considerably lower than that obtained from Equation 4-9 for the majority of the design 
situations but at the maximum live pressure and higher wall thinning (most critical repairs), the 
strain in the ISO laminate exceeds the allowable FRP strain. 
At the maximum live pressure, the strain in the FRP repair designed according to ASME and ISO 
(Equation 3-14) varies from 0.05% to 0.36% and 0.05% to 0.32% respectively for wall thinning of 
30% to 80%. The strain in the repair designed using Equation 4-9 varies from 0.05% to 0.3% for wall 
thinning of 30% to 80% respectively. 
The pipe design pressure is calculated using a design factor of 0.72 according to ASME B31.4. This 
design factor causes the repaired pipe to yield only if wall thinning of the eroded pipe is more than 
28% (1 – 0.72 = 0.28). As 30% wall thinning is close enough to 28%, the yielding of the pipe is easily 
influenced by the assumptions made to calculate the repair thickness, i.e. the pipe is thin wall; the 
stress is uniformly distributed through the wall thickness; and only hoop stress is considered. In 
contrast, FEA takes account of the radial stress in the pipe’s Poisson’s ratio effect (contraction in the 
axial direction due to hoop stress) and the constraints applied by the repair to the contraction of 
the pipe in the axial direction, because of the bond between the repair and pipe, stiffness of the 
repair resists the pipe’s axial contraction. These factors alter the assumed uniform stress gradient 
through the pipe and increase the pressure required to yield the repaired pipe. The significant 
loading (straining) of the FRP repair laminate only takes place after the pipe yields. As the elastic 
modulus of steel (200 GPa) is higher than the elastic modulus of the FRP (≈50 GPa), the majority of 
the load is carried by the steel, until the steel yields. Therefore, the strain in the FRP laminate for 
30% pipe wall thinning is not used to derive any conclusions. 
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The deviation of the FRP laminate strain (predicted by FEA) from the designed allowable strain in 
the FRP is shown in Figure 4-5 where zero signifies no deviation. The strain in the repair laminate 
designed according to ASME standard is 10% lower than the allowable FRP strain at zero live 
pressure on average, ignoring 30% wall thinning. As the live pressure increases, however the strain 
in the FRP increases and exceeds the allowable FRP strain by 22% again on average, ignoring 30% 
wall thinning.  
The repair laminate designed according to ISO standard gives an average deviation of -27% to -16% 
in the FRP strain for zero live pressure to maximum live pressure respectively. As the live pressure 
increases, the strain in the FRP decreases for smaller wall thinning but for larger wall thinning, the 
strain in the FRP increases and exceeds the allowable FRP strain. 
 
 
Figure 4-5 Strain deviation in the FRP repair at design pressure 
The strain in the laminate designed according to Equation 4-9 gives an average deviation of -10% 
for all the design cases, hence, the live pressure in the tube does not influence the strain in the FRP 
repair.  
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As a conclusion, the repair laminate thickness calculated using Equation 3-14 (ASME) 
underestimates the repair thickness when the internal pressure is not zero during the repair 
installation. As a consequence, the hoop strains in the laminate exceed the allowable laminate 
strain.  
The repair laminate thickness calculated according to The ISO standard is conservative for most of 
the design cases but gives inadequate repair thickness for situations in which the live pressure and 
wall thinning are greater. 
The live pressure does not influence the hoop strain in the repair laminate at the design pressure as 
is evident in Figure 4-5. Equation 4-9provides a correct estimate for the FRP repair thickness of the 
pipe when the internal pressure is not zero during the repair installation. 
4.3 Using Tsai-Hill criterion in the design codes 
In Section 3.2, different failure theories of FRPs were discussed. Mention was made that the 
interactive methods predict the failure better than the maximum strain/stress criteria. This 
dissertation therefore proposes to develop a new design equation based on an interactive 
approach. The available design equations are, however, developed based on the maximum strain 
criterion. Substituting an interactive criterion for the maximum strain criterion might result in a 
thinner or thicker repair depending on the case being designed, as the interaction between the 
strengths and the induced strains in two directions are considered. In order to support this idea, an 
FE analysis is performed. Like all FE analyses, the current analysis has to be verified with test results. 
These tests are presented first, followed by the model itself. 
4.3.1 Finite Element modelling of a particular overwrap repair 
The modelling that will be presented is for a particular CFRP overwrap repair system developed by 
the CRC-ACS (Falzon et al., 2012). The mechanical properties of the system have been evaluated by 
the tensile and lap shear test (Falzon et al., 2012). In order to assess the structural performance of 
the developed material, a Type A pipe pressure test was performed at room temperature (Falzon et 
al., 2012) as follows. 
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4.3.1.1 Experiment 
ISO/TS 24817 defines Type A tests, to determine if a repaired pipe complies with the minimum 
requirements of the code. The Type A pipe specimen was manufactured based on the code 
requirement. The defect was machined on a 1,500mm long API 5L-150 ND pipe with a wall thickness 
of 6.4mm. The maximum depth of the defect was 80% of the original wall thickness, so the minimum 
remaining thickness was 1.28mm. Details of the specimen are depicted in Figure 4-6. 
Figure 4-6 Type A repair specimen (Falzon et al., 2012) 
The specimen was instrumented with biaxial strain gauges at the locations shown in Figure 4-7. The 
specimen was gradually pressurised internally up to the test pressure of 32.6 MPa within about 100 
seconds and sustained at that pressure over 60 seconds. Displaying no visible damage or drop in 
pressure, the specimen was considered to have passed the test. The pressure was then further 
increased in order to determine the maximum load carrying capacity of the repaired pipe. The tested 
pipe failed outside the repair zone, at a pressure of 37.6 MPa. 
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Figure 4-7 Strain gauges location (Falzon et al., 2012) 
4.3.1.2 Materials 
The FRP’s longitudinal tensile strength and modulus are 629.4 MPa and 51.1 GPa respectively. As 
the number of fibres in weft and tow are almost the same, the transverse and longitudinal tensile 
strength and modulus are similar. These are the only available material property parameters, but 
more properties are required for the FEA. The Engineering constant model is one of the available 
material models in ABAQUS, which has been chosen to model the FRP material. In order to set the 
lamina model up, the required parameters are, E1, E2, E3, 12, 13, 23, G12, G13, and G23. E and G stand 
for tensile and shear modulus respectively and, is the Poisson’s ratio. The subscripts 1, 2 denote 
longitudinal and transvers directions of the lamina and 3 shows the thickness. 12, 13 and 23 are the 
planes as defined in Figure 3-2 and Equation 3-1. 
Employing the rule of mixture (Issac M. Daniel & Ishai, 2005), the transformation matrix gives a good 
estimation of all required parameters. Rule of mixture for longitudinal modulus is described below 
in Equation 3-28. 
1 2 1f f m mE E V E V E     Equation 4-10 
Where, E1, E1f, Em are longitudinal FRP, fibre and matrix modulus, respectively, and Vf and Vm are 
fibre and matrix volume ratio respectively as calculate by Equation 4-11. 
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1f m
Volume of fibres
Vf
Volume of composite
V V

 
 Equation 4-11 
In order to find the fibre volume ratio for the CFRP, a reverse calculation was performed on 
Equation 4-10 and the required parameters were extracted from Table 4-4. The result was a fibre 
volume ratio of 40.42%. 
 
Table 4-4 Carbon Fibre and Epoxy mechanical properties(Issac M. Daniel & Ishai, 2005) 
Fibre Matrix 
Parameter Value Parameter Value 
E1f 230 GPa Em 3.7 GPa 
E2f 15 GPa Gm 1.37 GPa 
G12f 27 GPa m 0.35 
G23f 7 GPa 
 
12f 0.2 
f and m are the abbreviations of fibre and matrix. 
The other parameters were calculated by the Equations from 4-12 to 4-18. 
3
21 (1 / )
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f m f
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V E E
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 
 Equation 4-12 
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Equation 4-15 
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Equation 4-16 
 
 
Equation 4-17 
 
Equation 4-18 
Finding Vf was the key to find the other required parameters. The wrapping angle was 15, which is 
the required angle in Equation 3-5 and Equation 3-6 for the setting up of the transformation matrix. 
Using the relations in Equation 4-10 to Equation 4-18, Equation 3-5, Equation 3-6 and Table 4-4, 
FRP’s mechanical properties (along the loading directions as shown in Figure 4-8) were obtained as 
tabulated in Table 4-5. 
 
Table 4-5 GFRP mechanical properties for FEA 
Parameter 
Value 
(MPa) 
Parameter Value 
E1 44333.1 12 0.1645 
E2 44333.1 13 0.2738 
E3 7590.5 23 0.2738 
G12 7827.3 
 G13 3200.9 
G23 3200.9 
1: along the pipe, 2: hoop direction,3: Radial 
 
The pipe specimen was manufactured from Orrcon Broadspec API 5L X42 Pipe(Orrcon Steel) with 
an outer diameter of 168.3 mm and wall thickness of 6.4 mm. Mechanical properties of this pipe 
are shown in Table 4-6. 
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Figure 4-8 Material orientation for GFRP 
 
Table 4-6 Mechanical properties of the Steel pipe Orrcon API 5L X42(Orrcon Steel) 
Property Value (MPa) 
Peak Stress 488.12 
Module of Elasticity 208793.47 
fy at 0.2%offset 396.92 
 
“Deformation Plasticity” is one of the models in the material library of ABAQUS. ABAQUS has 
classified the model as a metal plasticity model. This model is known as the Ramberg-Osgood (1943) 
plasticity model as shown in Equation 4-19 
 
1
0
n
E

   


 
   
 
  Equation 4-19 
,  and E are the stress, the strain and the Young’s modulus respectively.  and n are the Ramberg-
Osgood parameters, which are called the yield offset and the hardening exponent respectively. 0  
is the yield stress in the sense that, when 0
0 ,   (1 )
E

      . The yield stress equals 396.92 
MPa and is calculated at 0.2% offset, hence α is calcutable as in Equation 4-20 and Equation 4-21.  
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Equation 4-20 
 
Equation 4-21 
The stress-strain curve of the steel pipe provided by the supplier of the pipe was digitised, and a 
Ramberg-Osgood model was fitted to it. The obtained parameters and the graph are shown in 
Figure 4-9. 
 
 
Figure 4-9 Ramberg-Osgood model and the test result 
In order to restore the original shape of the pipe before the application of overwrap repair, the 
machined defect was filled with putty. The strength of the applied putty was very low and could be 
ignored in design. The putty was modelled with a bilinear elastic stress–strain behaviour, with 
E=1.74GPa, =0.45, Yield stress=33Mpa, Ultimate strain=0.2019 and Ultimate stress=174 MPa (Duell 
et al., 2008). 
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4.3.1.3 Finite element analysis 
Version 6.13 of ABAQUS/CAE, the commercial finite element modelling software, is used to conduct 
the FEA. This software suits non-linear physical and material analyses. Based on the 
recommendations of previous research studies (Esmaeel et al., 2012; Mokhtari & AlaviNia, 2014; 
Shouman & Taheri, 2011; E. Q. Sun, 2006), the ABAQUS three-dimensional reduced integration, 
eight-node linear solid element (C3D8R) was selected to produce the mesh. The pipe, the filler and 
the FRP were modelled with the C3D8R element and the geometric nonlinearity was activated. The 
specimen had three symmetry planes, passing through the defect symmetry axis. Considering the 
geometric symmetry and the loading condition, only one eighth of the specimen was modelled, as 
shown in Figure 4-10. 
  
Figure 4-10 Eighth of the specimen is modelled 
This helped reduce the analysis time and the required memory for the analysis considerably. For the 
sake of clarity, the cap plates and the defect are not shown in Figure 4-10. Figure 4-11 shows the FE 
model. Different parts are enlarged and displayed for better understanding. As is seen, the pipe was 
modelled in 3 layers of elements through the wall thickness in the defect area and full thickness, 
forming 10,719 linear hexahedral elements of type C3D8R connected by 14,840 nodes. The FRP 
repair was modelled in three layers of elements through the FRP thickness. The total number of 
elements and nodes including the taper segment were 2,698 and 3,822 respectively. 
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Figure 4-11 Schematic of FE model and mesh 
3822 nodes and 2698 C3D8R elements formed the filler part. Similarly to previous researchers who 
had considered a perfect bond (Duell et al., 2008; Esmaeel et al., 2012; Meniconi et al., 2002; 
Shouman & Taheri, 2011), tie constrained were used to connect the interfaces in this model, hence 
creating a perfect bond between FRP and steel. The tested specimen was capped with two solid 
steel plates at both ends, so both ends were allowed to expand or contract axially and rotate about 
the longitudinal axis. Loading, including the internal pressure and axial load induced by the internal 
pressure, were gradually applied to the model. The pressure was then gradually increased to the 
point that the analysis could not proceed and was terminated due to the high level of deformation. 
As mentioned, the specimen failed outside the repaired zone at 37.6 MPa. Figure 4-12 shows that 
the FE model also predicted the same location for the failure.  
(c) 
(d) 
(e) 
(b) 
(a) 
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Figure 4-12 FE Model predicted failure location similar to the experiment 
The FE model stopped at the pressure equal to 38.96 MPa, which was about 4% more than the 
experiment. Figure 4-7 depicts the location of strain gauges in the experiment. In order to perform 
model verification, strain at spots A, E and G were extracted from the results of the performed FEA, 
as shown in Figure 4-13.  
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(a) 
 
(b) 
 
(c) 
Figure 4-13 Comparison FEA results and hydro test ,(a) Strain gauge A (b) Strain gauge E (c) Sstrain gauge G 
There is good agreement across most of the experimental (denoted as Ex in Figure 4-13) results and 
the FEA (denoted as FE in Figure 4-13). The FEA results for the axial strain of point A is , however 
,very different from the experimental results. In case of other strain gauges, the experimental results 
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and the FEA results show a very similar trend. The FE model is verified using the test results so it 
could be used for further investigations. 
4.3.2 Implementing Tsai-Hill criterion on FEA results 
Using the verified FE model, a set of FEA was carried out to investigate the suitability of using Tsai-
Hill failure criterion in the design of FRP overwraps for pipeline repair. The FE model is similar to the 
verified model in terms of material, element type, boundary conditions, but the size of defect and 
the applied load are different. The defect was modelled circumferentially to be consistent with the 
design codes for non-through wall defects. The depth of the defect was considered equal to 50% 
and 80% of the pipe wall thickness, hence the remaining thickness of pipe in the defective area was 
3.22 and 1.29 mm, respectively. Tsai-Hill criterion considers the axial and circumferential (hoop) 
strains simultaneously. Hence, two loads were simultaneously applied to the pipe, an internal 
pressure and an axial load. Application of axial force and internal pressure induces axial and 
circumferential strains. The axial load was defined as a multiple of the force which was induced by 
the applied internal pressure at the ends of a capped pipe, as shown in Equation 4-22. 
4
0,1,2,3,4,5
i
ax
PD
F n
n



 Equation 4-22 
 
Figure 4-14 shows the element and geometry of the repaired pipe in a deconstructed form. The Tsai-
Hill criterion defines a failure boundary and design codes use the maximum allowable strain as the 
design criterion. In order to compare similar designs with each other, both of the two chosen criteria 
had to be for a similar level of risk in design. Thus, failure strain 0.0123   was chosen as the limit 
of maximum strain criterion. It was anticipated that the design thickness would be very small 
because no safety factor was considered in the design. 
The FE model was set up and loads were gradually applied to the pipe. The design codes calculated 
the repair thickness in either axial or circumferential directions and then chose the maximum value 
as the design thickness. Based on a similar concept, values of the internal pressure that induced the 
failure strain in the both circumferential (Pc) and axial directions (Pa) were reported. Based on the 
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design codes’ concept, the minimum of these two values is the design pressure. In addition, the 
pressure (Pt) at which the Tsai-Hill criterion was breached was also reported. Results are tabulated 
in Table 4-7. 
 
 
(a) 
 
 
(b) 
 
 
(c) 
Figure 4-14 Element and geometry of a repaired pipe in a deconstructed 
perspective (a) Whole model (b) Pipe and filler (c) Defective pipe 
Table 4-7 FEA results 
Load 
case 
Intact pipe 
capacity(MPa) 
Defect Depth 
50% 80% 
Repair 
thickness 
(mm) 
Pt 
(MPa) 
Pc 
(MPa) 
Pa 
(MPa) 
Repair 
thickness 
(mm) 
Pt 
(MPa) 
Pc 
(MPa) 
Pa 
(MPa) 
1, n=0 34.68 2.5 33.86 34.54 -- 4 33.92 33.83 -- 
2, n=1 38.64 2 35.11 33.97 -- 3.5 35.22 33.26 -- 
3, n=2 34.52 2 31.95 33.94 34.14 3.5 32.33 -- 31.87 
4, n=3 27.12 2.5 26.54 -- 25.61 4.5 26.18 -- 24.91 
5, n=4 21.12 2.5 19.81 -- 19.32 5 21.07 -- 20.27 
6, n=5 16.88 2.5 15.77 -- 15.49 5 16.85 -- 16.35 
 
The intact pipe could carry a certain amount of internal pressure under each load case. In the first 
load case, the applied load is the internal pressure and no axial load is applied. In this case, the effect 
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of Poisson’s ratio induces compressive strains in the pipe. In the second case, the axial tensile load 
is more than the Poisson’s ratio effect so it cancels it out and the capacity of the pipe is increased. 
For the third load case the axial force induces an axial strain similar to the first load case but in 
tension, so the capacity of the pipe is almost similar to the first case. In cases 4 to 6, the axial force 
induces larger axial strain in the pipe and the axial strain governs the failure. Consequently, by 
increasing the axial force, the capacity of the pipe decreases. The same trend occured in the repaired 
pipe. For load cases 1, 2 and 3, the axial strain was less than the failure strain, thus Pa was not 
calculated. On the other hand, in cases 4, 5 and 6, Pc was not calculated as the circumferential strain 
was less than 0.0123  . As discussed in Section 3.2, an interactive criterion such as Tsai-Hill is 
more accurate than the maximum strain criterion. Table 4-7 shows that where the defect depth is 
50% of the pipe wall thickness, Tsai-Hill was breached at a pressure lower than the codes design 
pressure. Moreover, with the corrosion equal to 8%, the Tsai-Hill pressure was higher than the other 
pressure. The reason is that the maximum strain criterion does not deal with the induced strain in 
both directions at the same time while Tsai-Hill considers both directions together. In other words, 
if the axial strain and the circumferential strain enhance one another, then the maximum strain 
criterion predicts a higher design pressure or a thinner repair than Tsai-Hill. On the other hand, if 
they weaken each other, Tsai-Hill’s predicted pressure is higher than the maximum strain prediction. 
The differences between the design pressures is about 5%. All of this information is graphically 
shown in Figure 4-15. 
  
(a) (b) 
Figure 4-15 Comparison between the Pt and Pdesign, defect depth is (a) 50% (b) 80% of the pipe wall thickness 
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The results are only valid for this particular case, which is a pipe with a circumferential long 
defect.   
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Chapter 5: Reliability-based design 
framework 
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5.1 General 
In this chapter, the concept of structural reliability is explained. In addition, the background required 
to develop a reliability-based design framework for FRP strengthening of damaged pipes is covered.  
5.2 Structural reliability 
Competitive forces in the market are the driving force behind the demand for better designs in 
which uncertainties are dealt with in a logical manner, not necessarily all reflected in a single safety 
factor. Uncertainties are everywhere, in the loads, geometry, mechanical properties of the materials 
of construction, manufacturing of structural elements, fabrication and assembling of the structure, 
and short-term and long-term environmental effects. There are essentially two main design 
approaches as shown in Figure 4-1. 
 
 
Traditional deterministic design methods do not account for the random nature of the input design 
variables. The safety factor is applied to each of the random inputs and/or to the expected response 
of the system. This is likely that, the factor of safety will be too conservative, leading to expensive 
designs. On the other hand, the stochastic approach improves the reliability of the design. Using 
statistical models and different statistical descriptors such as mean value and standard deviation 
gives the designer a better understanding and a broader perspective to decide the level of structural 
reliability. In this case, the designer is able to undertake a sensitivity analysis and find the 
Design 
approaches 
Deterministic 
Stochastic 
Deterministic 
System response 
Over/Under -
designed System 
Statistical properties of 
System response 
Robust System 
Figure 5-1 Design tool under uncertainty Analysis 
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parameters that affect the response of the structural system significantly. Consequently, the 
designer is able to adjust the safety factors based on the importance level of the structure. 
 
5.3 Limit states 
A structure must be designed to withstand the demand loads exerted on it during its anticipated 
lifetime in a manner that is safe and serviceable to the users/occupants of that structure. The 
boundary line that defines “safe” versus “unsafe” or “serviceable” versus “unserviceable” is the so 
called “limit state”. It is usually defined mathematically as a function called limit state function or 
performance function (Nowak & Collins, 2000). The common limit state functions are ultimate limit 
state (ULS), serviceability limit state, stability limit state and fatigue limit state. The limit state 
function in this research is a ULS type, which basically relates to the capacity of the system at the 
time of structural failure. A limit state function is often written as a function of random variables 
defining the resistance such as geometric dimensions, material properties and so on and random 
variables that define the loads. The general form of a limit state function is usually presented as 
Equation 5-1. 
1 2( , ,..., )nM R L g X X X    Equation 5-1 
In the Equation 5-1, R represents the resistance while L relates to loads. When the limit state 
function equates to zero, a failure surface is formed in the space defined by the variable coordinates. 
5.3.1 Probability of failure 
Safety is ensured by specifying a small value for the probability of reaching a limit state that is 
concerned with safety, such as the strength or the stability limit states. Considering  fP  as the 
probability of structural failure, it can be expressed in different ways as shown by Melchers (1999) 
in Equation 5-2: 
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 fP P R L   (a) 
Equation 5-2 
 0fP P R L    (b) 
1f
R
P P
L
 
  
 
 (c) 
 ln ln 1fP P R L    (d) 
 , 0fP P g R L     (e) 
Equation 5-2e shows the most general form of the probability of structural failure. In Equation 5-1, 
g () is the limit state function. When the value of g () is less than zero, the limit state is violated and 
the structure does not perform at the desired performance level or in other words, is in the unsafe 
zone. The probability of failure can be derived by considering the probability density functions (PDF) 
of random variables of load and resistance as shown in Figure 5-2. 
The probability of failure at a certain value of R=Ri is equal to the probability of Load being greater 
than that certain value of Resistance L>Ri. It is obvious that R is a random variable and there is a 
probability associated with each Ri value. Thus the probability of failure is composed of all possible 
combinations of R=Ri and L>Ri. On the other hand, if load is equal to a certain level of load Li, the 
the probability of structural failure is the probability that the resistance is not equal to or higher 
than the load R<Li. 
 
Figure 5-2 PDFs of load (L) and resistance(R) 
1-FL(x) 
f fR 
dx. 
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According to the two explained concepts above, the probability of failure can be presented in one 
of the forms shown in Equation 5-3 and Equation 5-4 
   
0
1f L RP F r f r dr

    Equation 5-3 
   
0
f R LP F l f l dl

   Equation 5-4 
In these equations ()LF  and ()RF  are the cumulative density functions (CDF). ()Rf  and ()Lf  are the 
probability density functions (PDF). For simplicity, L represents all of the load effects and R denotes 
the total resistance or the capacity of the structure. Since R and L are random variables, a joint 
density function in two-dimensional space can be drawn as Figure 5-2. The limit state line separates 
the safe zone and the failure zone. The probability of failure is calculated by integration of the joint 
density RLf () over the failure zone (Equation 5-5), as shaded in Figure 5-3. 
 
Figure 5-3 Safe Zone and Failure zone, in accordance to the limit state function 
 
Failure
(R<L) 
Safe 
(R>L) 
Limit state function 
R-L=0 
L 
R 
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 
() 0
,f RL
g
P f r l drds

   Equation 5-5 
In general, it is not easy to find the joint PDF for all variables, and also evaluating the integration is 
a very difficult task. Therefore, an alternative method is required and the concept of a reliability 
index has emerged for this purpose.  
5.3.2 The reliability index 
The reliability index which is denoted  in most text books and articles (Choi et al., 2006) is often 
used as a substitute for Pf. 
To simplify the reliability analysis, reduced variables, which are the non-dimensional form of 
variables R and L, are often used. These are denoted by ZR and ZL as defined below in Equation 5-6. 
 and  are standard deviation and the average of data. 
R
R
R
R
Z



  
(a) 
Equation 5-6 
L
L
L
L
Z



  
(b) 
By rearrangement of the above equations, R and L are expressed as Equation 5-7 
   R R RR Z    (a) 
Equation 5-7 
 L L LL Z    (b) 
Rewriting the limit state function in terms of new RZ  and LZ  gives Equation 5-8  
  g( , )   R L R R R L L L R L R R L LZ Z Z Z Z Z                Equation 5-8 
The reduced variables are used to define the reliability index. Hasofer and Lind (1974) defined the 
reliability index as the shortest distance from the origin of the reduces variables to the line 
g(ZR,ZL)=0. The concept is illustrated in Figure 5-4. 
 81 
Reliability-based design framework  
 
 
Figure 5-4 Reliability index defined as the shortest distance in the space of reduces variables 
 can be calculated from Equation 5-9. This equation shows that  is the inverse of the coefficient 
of variation of g(R, L) =R-L, if R and L are uncorrelated.  
2 2
R L
R L
 

 



 Equation 5-9 
When R and L are Normally distributed, the reliability index can be shown as Equation 5-10. 
   1Φ      Φf fP or P      Equation 5-10 
In this case, the limit state function is also Normally distributed (Choi et al., 2006). The PDF of the 
limit state function is then as given in Equation 5-11 and the probability of failure is as shown in 
Equation 5-12. 
 
2
0.5
1
2
g
g
g
g
g
f g e


 
  
   
  
    
Equation 5-11 
ZR 
ZL 
Failure 
Limit state function g(ZR ,ZL )=0 
Safe 
𝜇𝑅 − 𝜇𝐿
𝜎𝐿
 −
𝜇𝑅 − 𝜇𝐿
𝜎𝑅
 
 
0 
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Figure 5-5 illustrates the reliability index and the shaded area show the probability of failure. 
 
 
Figure 5-5 Probability density for limit state equation g () 
Table 5-1 shows values of reliability index corresponding to several probability of failure based on 
Equation 5-10. 
Table 5-1 Reliability index  and probability of failure Pf 
Pf  
10-1 1.28 
10-2 2.33 
10-3 3.09 
10-4 3.71 
10-5 4.26 
10-6 4.75 
10-7 5.19 
 
5.4 Method of reliability analysis 
Generally, methods to measure the reliability of a structure can be divided into four groups (Robert 
E. Melchers, 1999; Sørensen, 2004). 
 
0
f gP f g dg

   Equation 5-12 
𝜇𝑔 
𝑓𝑔 𝑔  
𝑔 
𝑃𝑓 
𝑔 > 0 
Safe 
𝑔 < 0 
Failure Φ 𝛽  
𝛽𝜎𝑔 
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 Level I methods: The uncertain parameters are modelled by one characteristic value; for 
example, Allowable Stress Design (ASD) and Load and Resistance Factor Design (LRFD) codes 
are at this level.  
 Level II methods: The uncertain parameters are modelled by the mean values and the 
standard deviations, and by the correlation coefficients between the stochastic variables. 
The stochastic variables are implicitly assumed to be Normally distributed. The reliability 
index method is an example of a level II method. 
  Level III methods: The uncertain quantities are modelled by their joint distribution functions. 
The probability of failure is estimated as a measure of the reliability. 
  Level IV methods: In these methods, the consequences (cost) of failure are also taken into 
account and the risk (consequence multiplied by the probability of failure) is used as a 
measure of the reliability. In this way, different designs can be compared on an economic 
basis taking into account uncertainty, costs and benefits. 
If the reliability methods are used in design, they have to be calibrated so that consistent reliability 
levels are obtained. Level I methods can be calibrated using level II methods; level II methods can 
be calibrated using level III methods, and so on. 
In the following, the most popular reliability methods are briefly explained.  
5.4.1 First Order Moment (FORM) method 
In First Order Moment (FORM) method, which is classified as a level II reliability method, random 
variables are characterised by their first and second moments (mean and standard deviation). In 
evaluating the first and second moments of failure function, which is a nonlinear function of basic 
random variables, the first order approximation based on Taylor series is used. 
  * * *
1 2
* * * *
1 2 1 2 ( , ,..., )
1
( , ,..., ) ( , ,..., ) |
n
n
n n i i evaluatedat x x x
i i
g
g X X X g x x x X x
X

 

  Equation 5-13 
In Equation 5-13, the point 
* * *
1 2( , ,..., )nx x x is the point at which the expansion is performed. One 
choice for this point is the one corresponding to the mean values of the random variables. The FORM 
method is based on approximating non-normal CDFs of the limit state variable with Normal 
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variables. In this method, results are inaccurate if the tail of the distribution function of the random 
variable cannot be approximated by a Normal distribution. Furthermore, the value of the reliability 
index depends on the specific form of the limit state function. This is called an invariance problem. 
5.4.2 First Order Second Moment (FOSM) method  
Hasofer and Lind (1974) proposed the First Order Second Moment method or FOSM. They proposed 
a modified reliability index that did not exhibit the invariance problem. The correction is to evaluate 
the limit state function at a point known as the design point instead of the mean value. The design 
point is a point on the failure surface g=0. In the Hasofer-Lind method, the random variables are 
rewritten in terms of the standard form of the variables (reduced variables). A normalised random 
variable in this method is defined as shown in Equation 5-14. 
i
i
i X
i
X
X
Z



  
Equation 5-14 
For Normal random variables, it can be proven that the reliability index is the shortest distance from 
the origin of the normalised coordinate system to the limit state function. The point that has the 
minimum distance to the origin of normalised random variables coordinates is the design point or 
the point of maximum likelihood. Since this design point is generally not known, an iteration 
technique must be used to solve the reliability index. Figure 5-6 graphically shows the procedure of 
finding the reliability index.  
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Figure 5-6 Hasofer-Lind reliability index 
In the FOSM method, the reliability index is only calculated using information on the mean and 
standard deviation; thus detailed information on the type of distribution of each random variable is 
not required. The assumption is that at the very least, the tail of basic random variables can be 
approximated by a Normal distribution. For non-Normal random variables, the Hasofer-Lind 
procedure only gives an approximation of the reliability index. 
5.4.3 Advanced First Order Second Moment method (AFOSM) 
Rackwitz and Fiessler (1978) improved the Hasofer-Lind procedure by using an equivalent Normal 
distribution for non-Normal random variables. This method is sometimes called the Advanced First 
Order Second Moment (AFOSM) method. The basic idea behind the procedure begins with the 
calculation of “equivalent Normal” values of the mean and standard deviation for each non-Normal 
random variable. These equivalent parameters are only evaluated at the design point. 
Mathematically, Equation 5-15 and Equation 5-16 are added to the Hasofer-Lind procedure, 
 Equation 5-15 
 Equation 5-16 
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Where Φ and   functions are the cumulative density function (CDF) and probability density 
function (PDF) of the standard Normal distribution, point x* is the design point located on the failure 
surfacel and functions F and f are the CDF and PDF of the equivalent Normal function at the design 
point. Based on the above Equations, the equivalent mean and standard deviations are calculated 
at the design point.  
5.4.4 Monte Carlo Simulation (MCS) 
Monte Carlo Simulation (MCS) (Robert E. Melchers, 1999)is a simulation method of level III that 
presents the following characteristics: it can be applied to many practical problems, allowing the 
direct consideration of any type of probability distribution for the random variables; it is capable of 
computing the probability of failure with the desired precision; and it is easy to implement. 
Application of this method to probabilistic structural analysis problem is comparatively recent (Choi 
et al., 2006), becoming practical only with the advent of powerful computers. However, despite the 
advantages it presents, the use of this method is not widespread in structural reliability because it 
is not efficient when compared with level II methods. In fact, MCS requires a great number of 
structural analyses, one for each sample of the set of random variables. 
The number of analyses needed to evaluate the probability of failure of a structure with a prescribed 
precision depends on the order of magnitude of that probability. As the values of the probability of 
failure associated to the ultimate limit states often, vary between 10-4 and 10-6, the number of 
analyses to be performed to ensure a 95% likelihood that the actual probability is within 5% of the 
computed one must be at least 71.6 10 to 91.6 10 . These analyses are frequently performed with 
the help of finite element models. The computation time can be prohibitively high for some cases, 
especially when the structure exhibits nonlinear behaviour or the numerical model is rather 
complex.  
The Monte Carlo Simulation technique allows the determination of an estimate of the probability 
failure, given by Equation 5-17 (R.E. Melchers, 1999),  
 
Equation 5-17 
Where function 1 2( , ,..., )nI X X X is a function defined as Equation 5-18. 
1 2
1
1
( , ,..., )
N
nf
i
p I X X X
N 
 
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Equation 5-18 
According to Equation 5-17, N independent simulations of random vectors containing all basic 
random variables are required. Using MCS, an estimate of the probability of failure is obtained by, 
Equation 5-19. 
 Equation 5-19 
Where in Equation 5-19, nf is the total number of cases where failure has occurred. Figure 5-7 
graphically shows the procedure of MCS method.  
As the weight of the failure probability is generally located near the design point P*, it is more 
efficient to concentrate the sampling around this point. The centre of the sampling is calculated 
using one of the level II methods. This technique is called Importance Sampling. The integral to be 
evaluated is given in the form of Equation 5-20. 
 
 
Figure 5-7 Monte Carlo Simulation technique 
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   Equation 5-20 
is the importance sampling probability density function. The vector V is any random vector by 
probability density function of . Finding the importance sampling probability density function 
is not an easy task. One option for this function is to use the probability density function , 
which is shifted to the point of maximum likelihood, or design point. Another option is to use a 
multivariate Normal distribution that is shifted to the design point (R.E. Melchers, 1999). 
As mentioned before, the Monte Carlo Simulation technique is an accurate method, but 
unfortunately it needs considerable analysis time and when dealing with large finite element 
models, this deficiency renders it inefficient if not impossible time-wise.  
5.4.5 Reliability Method used in this dissertation 
Monte Carlo Simulation has been selected as the reliability analysis method for this dissertation. 
This method was selected for several reasons: it is very robust, easy to apply and can accommodate 
many variables. In the case of this research, the limit state function was not linear and straight 
forward, so the other methods could not be used for a proper reliability analysis.  
5.5 Statistical models for resistance  
Reliability analysis requires statistical descriptors of all the variables involved in the design 
procedure. Often these variables are divided into load and resistance categories. In this research, 
resistance parameters are the geometry and mechanical properties of steel and GFRP. Statistical 
models for mechanical properties of GFRP are derived by the author as is discussed in Chapter 6, 
while other required parameters are adopted from open literature. 
5.5.1 Steel pipe 
The main mechanical parameters for a steel pipe are the modulus of elasticity E and the yield stress 
fy. In this section, the available statistical parameters are briefly explained and the chosen model is 
defined. 
( )Vh x
( )Vh v
( )Xf x
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Ellinas, et al. (1987) used the Lognormal distribution as the representative statistical distribution for 
the pipes yield stress and modulus of elasticity prescribing 3% to 8% coefficient of variation for both 
parameters. Ahmmed and Melchers (1997) developed a reliability analysis for underground 
corroded pipelines while implementing a Normal distribution for both E and fy. The COV for these 
parameters were 10% and 5% respectively. In another study, Ahmed and Melchers (1996) , used the 
Lognormal distribution to model the yield stress of steel pipe, considering a coefficient of variation 
(COV) of 5.6%. Bai et al (1997), used Normal distribution with a COV equal to 6% to model the yields 
stress of steel pipe. In recent years, a number of studies (Amirat et al., 2006; Avrithi & Ayyub, 2009a; 
Lee et al., 2010; Li et al., 2009) have been performed based on Ahmed and Melchers  
(1997)approach and data. Similarly to many of the mentioned studies, Mustaffa et al. (2009) used 
the Normal distribution to model the yield strain of steel pipes. Teixeira et al. (2008), performed a 
series of studies on corroded pipes, in one of which they used Lognormal distribution with a COV of 
8%. The required mechanical parameters for steel pipes was adopted from Avrithi’s research 
(2009b). Their chosen distributions are shown in Table 5-2.  
Table 5-2 Statistical models for E and fy used in this research 
 Distribution Nominal Value Mean COV % 
Elasticity modulus Normal 200000 MPa E 5 
Yield stress Lognormal fy 1.13fy 8 
5.5.2 Section dimension 
Variations in the pipe outer diameter and the pipe wall thickness can affect the capacity. The 
remaining thickness of the pipe after corrosion is an effective parameter. Table 5-3 shows different 
statistical models that have been used in open literature for the reliability analysis of steel pipelines. 
The outer diameter and the thickness of the pipe both are modelled as Normal distributions. The 
statistical models for pipe thickness that are shown in Table 5-3 are for a pipe that is not corroded. 
In this research, the remaining thickness of the corroded pipe is used in the limit state equation. 
Here, it is assumed that the remaining thickness is a portion of uncorroded thickness, thus following 
a model similar to the intact pipe. 
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Table 5-3 Available statistical models for pipe section dimensions 
Description Distribution Nominal Value Mean COV % reference 
Dp(mm) 
Normal 
Dp Dp 
5 
(M Ahammed & 
Melchers, 1994; 
M. Ahammed & 
Melchers, 1997; 
Lee et al., 2010) 
Normal 
Dp Dp 
3 
(Melchers 
Ahammed & 
Melchers, 1996; 
Mustaffa et al., 
2009) 
Normal 
Dp Dp 
6 
(Teixeira et al., 
2008) 
Normal 
Dp Dp 
1 
(Amirat et al., 
2006) 
Normal 
Dp 38.1 
50.8 Dp 101.6 
127 Dp 203.2 
254 Dp <508 
508 Dp 
Dp 
30/Dp 
40/Dp 
60/Dp 
80/Dp 
100/Dp 
(Avrithi & 
Ayyub, 2009b) 
Normal Dp Dp 2 (Li et al., 2009) 
tp (mm) 
Normal 
tp tp 
1 
(Teixeira et al., 
2008) 
Normal 
tp tp 
5 
(M Ahammed & 
Melchers, 1994; 
Amirat et al., 
2006; Mustaffa 
et al., 2009) 
Normal 
tp tp 
3.5 
(Avrithi & 
Ayyub, 2009b) 
Normal tp tp 2 (Li et al., 2009) 
Normal tp tp 10 (Lee et al., 2010) 
In this dissertation, tp and Dp are adopted from Avrithi’s research (2009b). 
5.5.3 Modelling uncertainty 
In addition to the randomness and uncertainty in the input variables of the limit state equation, the 
reliability analysis must include the model uncertainty related to the formulation. Model uncertainty 
is the uncertainty related to imperfect knowledge or idealisations of the mathematical models used 
or uncertainty related to the choice of probability distribution types for the stochastic variables. The 
model error is defined as shown in Equation 5-21. 
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M
Exprimentally measured pressure
X
Theoritical predicted pressure

 
Equation 5-21 
With this model error, the limit state equation can be rewritten as shown in Equation 5-22 
( ) Mg X X R L   Equation 5-22 
Estimation of the model error requires experimental results for the pressure capacity of the 
rehabilitated pipes, which can be found in the literature. Avrithi and Ayyub (2009a) gathered some 
experimental data for pipelines subjected to internal pressure. They considered both yield and burst 
pressures for carbon steel pipes. According to their results, the mean and the coefficient of variation 
for the model error corresponding to yield pressure were 1.12 and 0.05, respectively. Due to lack of 
experimental data for rehabilitated pipes, statistical data of this factor are assumed to be equal to 
these findings in the current study. It is also assumed that the model error follows the Normal 
distribution. 
5.6  Description of Load variables 
Statistical description of loads acting on the structure are essential factors in any structural reliability 
analysis. While a number of loads act simultaneously on a structure, it is very unlikely to have 
different loads all acting at their maximum possible value at the same time. Designers have to find 
the critical load combination.  
Often, internal pressure, dead, live, impact, hydrostatic, soil pressure, wind, earthquake and 
hydrodynamic loads are the loads acting on marine structures. As for mechanical properties of the 
steel pipe, the statistical descriptors of the loads are also adopted from literature. 
Reviewing the literature, the only load for which a statistical descriptor could be found was the 
internal pressure.Table 5-4 shows the available statistical descriptor for internal pressure. 
This research project aims to retrofit a damaged pipe. As this repair deals with local damage, rather 
than the whole pipeline, the repair should be strong enough to reinstate the section’s capacity to 
the original value. Based on this concept, it is important to consider the induced actions in the pipe 
section and implement these in the reliability study. As the sources of these actions are not known, 
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the Normal distribution is assumed as being the representative distribution for all of the loads and 
actions acting on the pipe and repair with a COV equal to 10% and a bias factor equal to zero. 
Table 5-4:Distribution properties for internal pressure 
Distribution Mean Bias COV % reference 
Lognormal 
P 1 
15 
(M  
Ahammed & 
Melchers, 
1995) 
Normal 20 
(M 
Ahammed & 
Melchers, 
1994; Lee et 
al., 2010) 
Normal 3 
(Zimmerman 
et al., 1998) 
Normal 5 
(Melchers 
Ahammed & 
Melchers, 
1996) 
Normal 10 
(Mustaffa et 
al., 2009) 
 
5.7 Target reliability index 
Selecting the reliability index is one of the most important tasks in a reliability analysis and the 
calibration of the safety factors. The optimum value of the target reliability index can be determined 
based on two parameters, consequence of failure and cost of safety (Nowak & Collins, 2000). 
Generally, the larger the expected cost of failure, the larger should be the target reliability, however, 
the determination of target reliability should allow for economic considerations as well. Table 5-5 
shows an example of a reliability index shown in the Annex of ISO2394 (ISO, 1998). It suggests that 
a high reliability index should be used in the case of greater consequence of failure and low expense 
of improving safety. The reliability index corresponds to the design working life of the structure and 
has a one-to-one correspondence with the probability of failure. 
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Table 5-5: Target reliability indices based on ISO2394 (lifetime) 
Relative costs of 
safety measures 
Consequence of failure 
Small Some Moderate Great 
High 0.0 1.5 2.3 3.1 
Moderate 1.3 2.3 3.1 3.8 
Low 2.3 3.1 3.8 4.3 
 
In this research, the target reliability is set to 3.1, 3.8 and 4.3, which is more relevant to the 
nature of the pipeline and fluid transmission. 
5.8 Calibration of the safety factors 
The calibration is generally performed for a given class of structures, materials and/or loads in such 
a way that the reliability measured by the reliability index β (which is estimated on the basis of 
structures designed using the new calibrated safety factors) is as close as possible to the reliability 
indices estimated using existing design methods. Considering the load and resistance safety factors, 
the design expression is written as shown in Equation 5-23. 
n nR L   Equation 5-23 
γ and  are the safety factors applied to all loads and resistance values, respectively. The parameter 
n denotes the nominal or characteristic value of each parameter in Equation 5-23. The acceptance 
criteria for safety factors is the closeness of the calculated reliability index to the given target 
reliability index, although the extent of this closeness is arbitrary and is often chosen by the 
researcher. The Target reliability indices are introduced in section 5.7. An example of the relation 
between mean, nominal and factored value is graphically provided in Figure 5-8 and Figure 5-9. 
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Figure 5-8 Relationship among nominal load, mean load and factored load 
 
 
Figure 5-9 Relationship among nominal resistance, mean resistance and factored resistance 
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6.1 General 
This chapter describes the experimental part of the project, including the sequence of panel 
manufacturing, sample cutting and post-curing (when required), sample preparation and 
performance of tests, followed by data collection and analysis, which leads to the basic statistical 
descriptors and the best-fit statistical distributions. 
6.2 Experimental program 
FRP materials are produced through impregnation of fibres such as glass, carbon and aramid in 
proper resins such as epoxy or polyester. E-glass plain-woven fabric with equal number of yarns in 
warp and weft and with the areal weight of 198gr/m2 and Sicomin epoxy resin SR8500/SR8601 are 
the materials used to manufacture the FRP panels for this research. The epoxy resin comes in two 
components, part A is SR8500 and part B is SR8601; the mix ratio of A/B is 100/35 by weight. The 
mechanical properties of the resin are tabulated in Table 6-1. The manufacturer has classified this 
product for marine applications (Sicomin Epoxy Systems). 
Atadero (2006) proved that the number of layers affects the characteristics of the end FRP 
product. Thus, in this project, GFRP panels are manufactured in 4, 8, 12, and 16 layers. 
The desirable mechanical properties of GFRP in this project are elasticity modulus (E), ultimate 
tensile strength (u), ultimate tensile strain (u), and shear modulus (G). According to ASTM 
D3039/D3039M (ASTM, 2008) and ASTM-D7565/D7565M (ASTM, 2010a), performing the tensile 
test on the FRP specimens with the reinforcement oriented at 0/90 degrees can adequately provide 
all of the tensile parameters. In addition, ISO14129 (ISO, 1997) provides a method for finding the 
shear modulus through performing tensile tests on the FRP coupons with the fibres oriented at ±45 
degree angle from the loading direction. 
Based on industry recommendation, the operational temperature of more than 95% of existing oil 
pipelines is 60◦c; therefore the post-curing and testing temperature in this research was set to 60◦c. 
This research relates to subsea pipelines, so it is necessary to post-cure all of the samples in 
conditions similar to the real field application. This requires a chamber for the placement of samples, 
which needs to heat up the seawater to 60◦c and maintain that temperature for a few months. In 
 97 
Experimental Program- GFRP characterisation  
order to investigate the effect of seawater on the mechanical properties of the long-term immersed 
(LTI) samples, another set of samples post-cured in dry conditions (DRY) are prepared. DRY samples 
are manufactured using the same process as the LTIs, with the only difference having been their 
post-curing process. The DRY samples were post-cured in an oven in which the 60◦c temperature 
was maintained. Results of the DRY samples can be useful for designing onshore pipelines.  
Table 6-1 Mechanical properties of pure resin (SR8500 / SD 8601)(Sicomin epoxy system, 2010) 
Parameter Unit Value 
Tension 
Modulus of elasticity  
Maximum resistance 
Resistance at break 
Elongation at max. Resistance  
Elongation at break 
 
 
N/mm2 
N/mm2 
N/mm2 
% 
% 
 
 
3070 
76 
72 
3.9 
4.7 
 
Flexion 
Modulus of elasticity 
Maximum resistance 
Elongation at max. resistance 
Elongation at break 
 
 
N/mm2 
N/mm2 
% 
% 
 
 
3280 
120 
5.3 
9.1 
 
Compression 
Compressive yield strength 
Offset compressive yield  
 
Glass Transition / DSC 
 
N/mm2 
% 
 
 
 
98 
6.2 
 
 
Tg  
Tg max 
°C 
°C 
76 
84 
6.2.1 Panel Manufacturing 
Eighteen 500x500mm GFRP panels were manufactured in the labartory. Similarly to any other 
manual process, the quality of hand-layup manufactured GFRP panels would depend on the 
manufacturer’s skill level. The more professional is the manufacturer the higher will be the quality 
of the panels and the fewer the potential manufacturing errors. In order to simulate possible 
manufacturing errors, people with different skill levels of FRP manufacturing were selected to assist 
in the in the wet lay-up manufacturing of the test panels. Two 750x750x10mm glass plates were 
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used as molds. Each GFRP panel was manufactured layer by layer. Panels needed to stay on the 
mould until fully cured, which was about 24 hrs (Figure 6-1). 
 
Figure 6-1 Manufactured GFRP panel 
Figure 6-2 shows the specimens arrangement on each panel. Specimens were arranged in 0/90◦ and 
±45◦. The 0/90◦ specimens (T) are used for the tensile test and the ±45◦ (S) are used for the shear 
test. 
  
Figure 6-2 Arrangement of specimens on each GFRP panel 
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6.2.2 Specimens preparation 
The next step was the cutting which was performed using a water jet cutter to achieve a higher level 
of accuracy at high cutting speed. The specimens were cut in rectangular shape sizes of 25x250mm. 
Figure 6-3 shows the water jet cut specimens. 
 
Figure 6-3 Water-jet cut samples 
6.2.2.1 Specimens post-curing 
GFRP material needs to go through a post-curing phase to reach its maximum strength. As 
mentioned previously, the operational temperature for pipelines is 60°C. Thus, the curing schedule 
needs to cover this temperature. According to the manufacturer’s catalogue (Sicomin epoxy system, 
2010), a curing schedule of 24 hours at 23°c and 16 hours at 60°c had to be followed. 
DRY specimens sat in a 60°C±2°C coven for 16 hours and then were kept in sealed plastic bags upon 
testing. For the LTI, the post-curing process is different. These specimens do not need to go into the 
oven. The specimens should be immersed in hot seawater for a few months until fully saturated and 
then kept there after full saturation for an extra two months. 
A simple chamber was designed and set up for this purpose. The chamber shown in Figure 6-4 
comprises an icebox filled with tap water, heating element, glass jars filled with seawater, 
temperature controller and circulating-pump. The heater heats up the water and the circulating-
pump circulates the hot water in the chamber to homogenise the temperature. The temperature 
controller maintains the temperature at about 60◦C±1◦C . Once the temperature goes beyond 61◦C it 
shuts the heater off and starts it up again when the temperature drops 59◦C.  
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Figure 6-4 Heating chamber used for LTI samples 
In order to find the saturation time, 250gr dry GFRP samples were placed into one of the seawater 
jars and twice a week the weight of the samples in surface saturated dry (SSD) conditions was 
measured. Results show that LTI samples saturated after about 2 months. The saturation trend is 
shown in Figure 6-5. The figure shows that most of the water absorption had occurred within the 
first 10 days of immersion. The final water absorption is 3.88% of the initial dry weight. 
 
Figure 6-5 GFRP saturation trend 
All of the LTI specimens stayed in the chamber for about 4 months. The tensile test was then carried 
out. Post-cured DRY samples and LTI specimens were tabbed, the primary purpose of which was to 
protect the specimen from damage by the grips that clamped the specimen ends when the axial 
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tensile load was being applied (Adams & Adams, 2002). This axial load was introduced into the 
specimen via shear, due to the frictional forces developed between the grip faces and the surfaces 
of the tabs. To develop the high shear force required, however, a high clamping force had to be 
applied by the grips, which could induce undesirable through-the-thickness compressive stresses in 
the specimen. The specimens were tabbed at both ends, at a size of 25X50mm. Selleys Araldite 5 
Minute adhesive (Selleys Australia & New Zealand) was used in the tabbing process. Figure 6-6 
shows the tabs’ locations and the specimen dimensions. 
6.2.3 Tensile Test 
Elastic modulus (E), ultimate tensile strength (u), ultimate tensile strain (u), and shear modulus (G) 
were the mechanical parameters sought. Tensile properties were calculated according to ASTM 
D7565/D7565M (ASTM, 2010a) and shear parameters based on ISO 14129 (ISO, 1997). 
As the operational temperature of pipelines is 60◦C, all the tests were performed at this temperature. 
For this purpose, a wooden heating chamber was constructed (Figure 6-7). An electric heating 
device was used to heat the inner space and a temperature controller was installed to maintain the 
temperature at 60◦C±2◦C. The chamber, that was easily bolted, sat on the moving head of the 
INSTRONE machine. About two minutes after the specimen was gripped into the INSTRON and the 
heater was run, the chamber temperature could stabilise within the range of 60◦C±2◦C. The specimen 
was then allowed to stay for more than ten minutes at the same position to ensure that the 
temperature was uniformly distributed across the thickness. While the heater and the controller 
were running, the INSTRON started to run at the loading rate of 2mm/min. This loading rate is 
prescribed in ASTM D7565/D7565M (ASTM, 2010a) and ISO 14129 (ISO, 1997). Loading on 0°/90° 
specimens continued up to the failure of the specimen but, based on ISO 14129, loading on the ±45° 
specimens continued up to the failure or to the point 12=x-y=0.05, whichever happened first 
(where x and y are the longitudinal and transverse strain). In this research, none of the shear tests 
250*25*t (mm) 
Tab 25x50 (mm) 
Figure 6-6 Dimensions for specimen and tabs 
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failed before 12=0.05, so all tests stopped before failure. As such, according to, ISO 14129, the 
maximum load is the load at 12 0.05  .Figure 6-8 displays some tested specimens. 
  
 
Figure 6-7 Test chamber and temperature controller 
 
6.2.4 Test results 
DRY and LTI include four different sets of specimens each. Table 6-2 shows the test matrix and the 
number of tested specimens. According to ASTM D3039/D3039M (ASTM, 2008) if any specimen fails 
at the grips or at the tabs, the test result should not be considered as a valid datum. The number of 
valid tests are shown in Table 6-2. 
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(a) (b) 
Figure 6-8 Tested specimens (a) 0°/90°, (b) ±45° 
After running all the tests, the required parameters comprising E, u and G were calculated in 
accordance with the codes of practice (ASTM, 2008, 2010a; ISO, 1997). Basic statistical descriptors 
were also computed for each data set. Table 6-3 shows the descriptors for the modulus of elasticity, 
including mean, standard deviation, COV, and the maximum and minimum values. Table 6-4 and 
Table 6-5 contain the same parameters for the ultimate tensile strain and the shear modulus 
respectively. The results show that different post-curing regimes of DRY and LTI, have not affected 
the elasticity modulus in any of the cases expect 16-layer. 
 
Table 6-2 Test matrix for this research 
 DRY LTI 
Fabre Angle 4-layer 8-layer 12-layer 16-layer 4-layer 8-layer 12-layer 16-layer 
0/90 18/22 15/22 16/22 21/22 20/20 16/20 16/20 19/20 
±45 20/20 20/20 18/20 20/20 14/20 17/20 16/20 20/20 
Valid/total 147/168 138/160 
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Table 6-3 Descriptive statistics for elasticity modulus E (MPa) 
Set 
Mean 
(MPa) 
Standard 
Deviation 
(MPa) 
COV 
Minimum 
(MPa) 
Maximum 
(MPa) 
DRY/4-layer 11830.48 1005.05 0.0850 9937.01 13905.28 
DRY/8-layer 12489.95 691.81 0.0554 11100.88 13620.20 
DRY/12-layer 13697.05 656.94 0.0480 12002.72 14402.07 
DRY/16-layer 13072.55 1372.63 0.1050 10648.07 14923.74 
LTI/4-layer 11769.74 762.84 0.0648 10352.80 12715.49 
LTI/8-layer 12804.62 1504.62 0.1175 9472.86 14557.05 
LTI/12-layer 13453.35 1105.29 0.0822 11446.25 16035.29 
LTI/16-layer 14609.3 1192.42 0.081621 11791.91 16370.67 
 
Table 6-4 and Table 6-5 show that the ultimate tensile strain and shear modulus for LTI samples are 
lower than DRY samples. 
Table 6-4 Descriptive statistics for ultimate tensile strain u 
Set Mean 
Standard 
Deviation 
COV Minimum Maximum 
DRY/4-layer 0.01613 0.00200 0.12405 0.01280 0.01883 
DRY/8-layer 0.01656 0.00183 0.11028 0.01272 0.01890 
DRY/12-layer 0.01627 0.00153 0.09410 0.01350 0.01864 
DRY/16-layer 0.01544 0.00155 0.10065 0.01328 0.01904 
LTI/4-layer 0.00985 0.00163 0.16577 0.00716 0.01255 
LTI/8-layer 0.01238 0.00088 0.07113 0.00987 0.01346 
LTI/12-layer 0.01325 0.00126 0.09527 0.01067 0.01610 
LTI/16-layer 0.01295 0.00073 0.05612 0.01104 0.01395 
 
Table 6-5 Descriptive statistics for shear modulus G (MPa) 
Set Mean 
Standard 
Deviation 
COV Minimum Maximum 
DRY/4-layer 1287.93 226.62 0.1760 929.58 1609.94 
DRY/8-layer 1779.52 194.71 0.1094 1420.95 2164.66 
DRY/12-layer 1608.10 336.86 0.2095 1071.15 2119.29 
DRY/16-layer 1987.13 195.90 0.0986 1566.83 2337.57 
LTI/4-layer 635.16 90.51 0.1425 504.66 750.33 
LTI/8-layer 599.95 112.65 0.1878 475.80 763.12 
LTI/12-layer 1070.39 165.91 0.1550 836.18 1294.98 
LTI/16-layer 1618.05 256.36 0.1584 1193.13 1987.70 
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In order to have a better understanding of the environmental effects on mechanical properties of 
the GFRP, a comparison between each of the calculated parameters (E, u and G) for the two 
categories of DRY and LTI samples is presented in the following. 
Figure 6-9 shows the average E value of the Dry and LTI samples in terms of the number of GFRP 
layers. In addition, the average E values for all DRY and LTI specimens are also presented under ‘all’ 
label. The graph shows that the average E in DRY and LTI samples is almost the same for all different 
number of layers except those 16-layer, for which the average of the LTI samples is higher than the 
average of E values for DRY 16-layer specimens. The graph shows that E increases by increasing the 
number of layers from 4 to 12 but drops in the 16 layer specimens. Results reveal that E varies by 
changing the FRP thickness. 
 
Figure 6-9 Average of the modulus of elasticity in DRY and LTI samples 
Similarly, the average ultimate strain for each set of data is shown in Figure 6-10. As a general trend, 
GFRP specimens immersed in seawater show more brittle behaviour in comparison with the 
specimens post-cured in dry conditions. The lower is the number of layers, the more the difference 
between the ultimate strains of the samples with the same number of layers and different post-
curing conditions. Again, the results show that the ultimate strain values vary in accordance with 
the number of GFRP layers. 
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Figure 6-10 Average of the ultimate strain in DRY and LTI samples 
Figure 6-11 displays averages of G values for DRY and LTI samples. Similar to the ultimate strain, 
average of G values for different DRY data sets are higher than LTI. 
 
Figure 6-11 Average of the shear modulus in DRY and LTI samples 
Reviewing figures 5-9 to 5-11 reveals that the mechanical properties for GFRP material depend 
closely on the number of GFRP layers. The results confirm what Atadero and Karbhari documented 
in their research as well (2008; 2009) . 
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6.3 Statistical Analysis 
Many studies have been undertaken on the theoretical derivation of the probability distribution 
function for FRP properties. Most of these studies are about the fibre strength, using the weakest-
link approach (Andersons et al., 2002; Andersons et al., 2005; Paramonov & Andersons, 2007; 
Watson & Smith, 1985). In this approach, each fibre comprises a series of elements (links). The 
strength of the fibre is governed by the weakest link. This approach is not directly applicable to the 
FRP material as the presence of the matrix is ignored. Theoretical studies are not able to account 
for the many sources of variability that may affect the FRP properties particularly in the wet layup 
method. Although Atadero (2005) performed a comprehensive practical study of the properties of 
FRP, her results cannot be used here as her experiments were performed on uniaxial CFRP at room 
temperature and as such two main parameters of temperature and bi-axiality were not covered. 
The current research considers the variation of FRP properties due to temperature, environmental 
conditions and use of bi-axial rather than uniaxial GFRP.  
6.3.1 Distributions 
Three statistical distributions were fitted to each set of data. Distributions included the Normal, the 
Lognormal and the Weibull distributions. These distributions are commonly used in engineering and 
in modelling of material properties. All three distributions have been used for FRP modelling in the 
past (Elsayed, 1996; Rust et al., 1989). Each distribution may be described by its probability density 
function (PDF) or cumulative distribution function (CDF). 
The Normal distribution is the most popular and important distribution in structural reliability 
(Nowak & Collins, 2000). It has its limitations but because it is better understood in comparison with 
the other distributions, researchers prefer to use this distribution. Limitations of the Normal 
distribution for the engineering quantities include the possibility of having negative values in the 
sample space and its symmetric nature. The PDF of a Normal distribution is in the form of 
Equation 6-1. This distribution does not possess a closed form solution for CDF. The Normal 
distribution fits to any data by computing the samples mean () and standard deviation (). 
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 A Lognormal distribution is defined for positive values (x0) only. The random variable x is 
Lognormally distributed if y=ln(x) is Normally distributed. This distribution has a natural skewness, 
which is more appropriate for engineering quantities. Equation 6-2 shows the PDF of the Lognormal 
distribution. In this equation,   and   are the mean and the standard deviation of the natural 
logarithms of the x , respectively. 
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The Weibull distribution or the extreme Type III distribution (Nowak & Collins, 2000) has often been 
used for material strength, component life, and system life (Bury, 1999). This distribution is generally 
a three-parameter model where the parameters represent shape, scale and location. It is not easy 
to fit all three parameters. Thus, the location factor is set to zero and a two-parameter model as 
shown in Equation 6-3 is developed. The two-parameter Weibull model has been found acceptable 
for FRP (Alqam et al., 2002). 
  and   are the shape and the scale parameters, respectively. 
6.3.2 Best fit Distributions  
In this work, the three distributions described in section 5.3.1 were fitted to the random parameters 
of elasticity, shear modulus, ultimate strain and thickness data. This task was performed using the 
MATLAB software(The MathWorks, 2012). Table 6-6 and Table 6-7 show the definitive parameters 
of each distribution for DRY and LTI samples respectively.  
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Table 6-6 Distribution parameters for mechanical properties of GFRP, DRY specimens 
Number 
of layers 
Distribution 
Distribution 
parameters 
DRY 
E (MPa) u G (MPa) 
4 
Weibull 
Scale Parameter() 12280.83 0.016957 1378.7837 
Shape parameter () 12.7468 10.2122 7.0235 
Normal 
Scale Parameter() 11830.48 0.016127 1287.9263 
Shape parameter () 1005.048 0.0020006 226.616 
Lognormal 
Scale Parameter() 9.375 -4.1346 7.1463 
Shape parameter( ) 0.085601 0.12812 0.18174 
8 
Weibull 
Scale Parameter() 12796.83 0.017317 1866.3085 
Shape parameter () 22.0163 12.1335 9.8391 
Normal 
Scale Parameter() 12489.95 0.016561 1779.5243 
Shape parameter () 691.8149 0.0018263 194.707 
Lognormal 
Scale Parameter() 9.4312 -4.1067 7.4785 
Shape parameter( ) 0.056149 0.11541 0.10891 
12 
Weibull 
Scale Parameter() 13958.5 0.016956 1742.3024 
Shape parameter () 32.8848 11.9914 5.7064 
Normal 
Scale Parameter() 13697.05 0.01627 1608.0953 
Shape parameter () 656.9418 0.001531 336.862 
Lognormal 
Scale Parameter() 9.523787 -4.1226 7.3615 
Shape parameter( ) 0.047935 0.094271 0.21506 
16 
Weibull 
Scale Parameter() 13656.69 0.016149 2073.0722 
Shape parameter () 12.1284 10.1427 11.573 
Normal 
Scale Parameter() 13072.55 0.015443 1987.1334 
Shape parameter () 1372.632 0.0015543 195.8999 
Lognormal 
Scale Parameter() 9.4728 -4.1753 7.5897 
Shape parameter( ) 0.10847 0.099171 0.10038 
all 
Weibull 
Scale Parameter() 13382.56 0.016813 1867.551 
Shape parameter () 10.6835 10.6697 6.1874 
Normal 
Scale Parameter() 12812.82 0.016049 1732.109 
Shape parameter () 1268.609 0.001711 338.3653 
Lognormal 
Scale Parameter() 9.4533 -4.13774 7.43837 
Shape parameter( ) 0.10004 0.106301 0.193523 
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Table 6-7 Distribution parameters for mechanical properties of GFRP, LTI specimens 
Number 
of layers 
Distribution 
Distribution 
parameters 
LTI 
E (MPa) u G (MPa) 
4 
Weibull 
Scale Parameter() 12092.64 0.010499 672.377 
Shape parameter () 20.6228 7.3863 8.9764 
Normal 
Scale Parameter() 11769.74 0.009853 635.1583 
Shape parameter () 762.8362 0.001633 90.5061 
Lognormal 
Scale Parameter() 9.3713 -4.633 6.4446 
Shape parameter( ) 0.066351 0.17419 0.14552 
8 
Weibull 
Scale Parameter() 13403.26 0.012732 644.9935 
Shape parameter () 12.3077 20.0804 6.3541 
Normal 
Scale Parameter() 12804.62 0.012378 599.9469 
Shape parameter () 1504.616 0.00088 112.6471 
Lognormal 
Scale Parameter() 9.450705 -4.39435 6.3814 
Shape parameter( ) 0.117103 0.071038 0.18755 
12 
Weibull 
Scale Parameter() 13962.62 0.013818 1139.082 
Shape parameter () 12.4464 10.8146 7.8049 
Normal 
Scale Parameter() 13453.35 0.013248 1070.391 
Shape parameter () 1105.291 0.001262 165.9088 
Lognormal 
Scale Parameter() 9.5038 -4.3281 6.9648 
Shape parameter( ) 0.081475 0.095094 0.1567 
16 
Weibull 
Scale Parameter() 15122.54 0.01325 1722.37 
Shape parameter () 15.2332 24.6512 8.1052 
Normal 
Scale Parameter() 14609.3 0.012949 1618.052 
Shape parameter () 1192.42 0.000727 256.3556 
Lognormal 
Scale Parameter() 9.5861 -4.3483 7.376582 
Shape parameter( ) 0.084165 0.058096 0.157454 
all 
Weibull 
Scale Parameter() 13979.49 0.013399 1186.169 
Shape parameter () 9.8922 7.9848 2.4368 
Normal 
Scale Parameter() 13311.08 0.012729 1047.72 
Shape parameter () 1528.892 0.001493 470.1703 
Lognormal 
Scale Parameter() 9.4896 -4.37071 6.8461 
Shape parameter( ) 0.11821 0.116896 0.4834 
 
Figure 6-12 shows two plots. The left plot shows CDFs for different distributions representing the 
elastic modulus (E) of the DRY sample in addition to the empirical data and the right plot, the same 
elements for LTI samples. According to these plots, all three different distributions fit well with the 
empirical data. In order to find the best fit, goodness-of-fit tests are applicable.  
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In this work, three different goodness-of-fit tests, Anderson-Darling (A-D), Kolmogorov-Smirnov (K-
S) and Chi-Squared (C-S) were used in order to find which of the three distributions exhibited the 
best fit for each of the random variables. These tests are described in Appendix A. 
  
 
For K-S and A-D tests, the result should be compared with a given significance level. Thus, a 
distribution could pass at a certain significance level but fails at other levels. For the C-S test the P-
value obtained should be greater than the given significance level. A greater P-value represents a 
fitter distribution. ASTM E122-09 (ASTM, 2010b) provides some equations to find the sample size. 
Choosing the significance level leads to the sample size according to Equation 6-4. 
2
3COV
n
e
 
  
 
 Equation 6-4 
Where, n  is the sample size, COV is the coefficient of variation and e  is the acceptable error or the 
significance level. In this research, the minimum required sample size for each random parameter 
has been examined against three different significance levels of 10%, 15% and 20%. Table 6-8 shows 
the chosen significance levels and the minimum required sample sizes for each parameter. 
Figure 6-12 CDF plots of E, (a) DRY (b) LTI 
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Table 6-8 Minimum required size of the sample for each random parameter against related significant level 
Data set 
Random 
variable 
Size of 
sample 
Significance 
level (%) 
Minimum required 
size of samples 
DRY-4 
E 17 10 7 
u 11 15 7 
G 10 20 7 
DRY-8 
E 16 10 3 
u 15 10 11 
G 17 10 11 
DRY-12 
E 15 10 3 
u 16 10 8 
G 16 20 10 
DRY-16 
E 19 10 10 
u 18 10 10 
G 19 10 9 
LTI-4 
E 11 10 4 
u 9 15 9 
G 9 15 9 
LTI-8 
E 18 10 13 
u 17 10 5 
G 8 20 8 
LTI-12 
E 19 10 7 
u 17 10 9 
G 10 15 10 
LTI-16 
E 18 10 6 
u 17 10 3 
G 17 15 8 
In the following, the goodness-of-fit test results on each parameter are explained. 
6.3.2.1 Elastic modulus (E)  
The results of the A-D tests as applied to the elastic modulus are shown in Table 6-9. The distribution 
with the smallest value represents the best-fit distribution and is shaded in Table 6-9. The test 
results lower than the given significance level are shown as ‘Fail’. Table 6-10 shows K-S test results. 
In this table “Fail” means that the hypothesised distribution is rejected based on the K-S test. The 
significance levels for both tests are as mentioned in Table 6-8. 
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Table 6-9 Anderson-Darling goodness –of-fit results for Elastic modulus 
Data set Weibull Normal Lognormal 
DRY-4 0.523 0.380 0.404 
DRY-8 0.148 0.222 0.261 
DRY-12 0.476 Fail Fail 
DRY-16 0.293 0.422 0.543 
DRY-All 0.435 0.219 0.331 
LTI-4 0.215 0.337 0.392 
LTI-8 0.148 Fail Fail 
LTI-12 0.458 0.233 0.201 
LTI-16 0.180 0.232 0.311 
LTI- All 0.297 0.203 0.422 
Table 6-10 Kolmogorov-Smirnov goodness –of-fit results for Elastic modulus 
Data set Weibull Normal Lognormal 
DRY-4 Pass Pass Fail 
DRY-8 Pass Pass Fail 
DRY-12 Pass Pass Fail 
DRY-16 Pass Pass Fail 
DRY-All Pass Pass Fail 
LTI-4 Pass Pass Fail 
LTI-8 Pass Pass Pass 
LTI-12 Pass Pass Pass 
LTI-16 Pass Pass Fail 
LTI- All Pass Pass Fail 
Table 6-11 shows the results of the C-S test for all data sets. The highest test result represents the 
best-fit distribution amongst the three examined distributions and is shaded. 
Table 6-11 Chi-Squared goodness -of-fit results for Elastic modulus 
Data set Number of 
samples 
Number 
of Bins 
Distribution 
Weibull Normal Lognormal 
DRY-4 17 6 0.196 0.790 Fail 
DRY-8 16 6 0.992 0.623 Fail 
DRY-12 15 6 0.226 0.226 Fail 
DRY-16 19 6 0.971 0.723 Fail 
DRY-All 68 11 0.563 0.415 Fail 
LTI-4 11 5 0.985 0.985 Fail 
LTI-8 18 6 0.931 0.123 Fail 
LTI-12 19 6 0.379 0.827 Fail 
LTI-16 18 6 0.751 0.751 Fail 
LTI- All 66 11 0.931 0.891 Fail 
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Results from three different tests show that the Weibull distribution is the best fit for the elastic 
modulus in most of the individual data sets while the Normal distribution fits better to DRY-All and 
LTI-All samples. 
6.3.2.2 Ultimate strain (u) 
Similarly to what was performed for the E parameter, all three different distribution were tested for 
goodness-of-fit to the ultimate strain data. Table 6-12, Table 6-13 and Table 6-14 show the results 
of the three tests. Based on A-D results, the Weibull distribution is the best fit. K-S results show that 
either of the Normal or the Weibull could be selected as the best fit. C-S test shows that the Normal 
distribution better fits to “all-data” sets. Interestingly, all of the three test methods show that none 
of the three applied distributions fit the ultimate strain of LTI-All. 
 
Table 6-12 Anderson-Darling goodness -of-fit results for ultimate strain 
Data set Weibull Normal Lognormal 
DRY-4 0.18608 0.21871 0.28343 
DRY-8 0.26032 0.37993 0.47909 
DRY-12 0.60854 0.41469 0.36599 
DRY-16 0.44089 0.21706 0.18191 
DRY-All 0.58567 0.58567 0.36756 
LTI-4 0.43712 0.4719 0.57325 
LTI-8 0.21591 0.57749 Fail 
LTI-12 0.68425 0.41776 0.38416 
LTI-16 0.28582 0.6173 0.71649 
LTI- All Fail Fail Fail 
Table 6-13 Kolmogorov-Smirnov goodness -of-fit results for ultimate strain 
Data set Weibull Normal Lognormal 
DRY-4 Pass Pass Fail  
DRY-8 Pass Pass Fail 
DRY-12 Pass Pass Fail 
DRY-16 Pass Pass Fail 
DRY-All Pass Pass Fail 
LTI-4 Pass Pass Pass 
LTI-8 Pass Pass Fail 
LTI-12 Pass Pass Fail 
LTI-16 Pass Pass Fail 
LTI- All Fail Pass Fail 
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Table 6-14 Chi-Squared goodness -of- fit results for ultimate strain 
Data set 
Size of 
samples 
Number of 
Bins 
Distribution 
Weibull Normal Lognormal 
DRY-4 11 5 0.866 0.986 Fail 
DRY-8 15 6 0.821 0.924 Fail 
DRY-12 16 6 0.416 0.416 Fail 
DRY-16 18 6 0.985 0.931 Fail 
DRY-all 61 10 0.702 0.767 Fail 
LTI-4 9 5 0.439 0.439 Fail 
LTI-8 17 6 0.962 0.79 Fail 
LTI-12 17 6 0.248 0.682 Fail 
LTI-16 17 6 0.476 0.575 Fail 
LTI- All 60 10 Fail Fail Fail 
6.3.2.3 Shear modulus (G) 
The results of A-D, K-S and C-S goodness-of-fit tests for shear modulus are presented in Table 6-15, 
Table 6-16 and Table 6-17 respectively. 
Table 6-15 Anderson-Darling goodness -of-fit results for shear modulus 
Data set Weibull Normal Lognormal 
DRY-4 0.22498 0.2116 0.24824 
DRY-8 0.43413 0.27162 0.22441 
DRY-12 0.63729 0.61888 0.64784 
DRY-16 0.29409 0.21673 0.25656 
DRY-all 0.31427 0.5675 Fail 
LTI-4 0.56094 0.52412 0.54316 
LTI-8 0.35873 0.32082 0.32204 
LTI-12 0.46739 0.37759 0.35134 
LTI-16 0.48001 0.58892 Fail 
LTI- All 0.58577 Fail 0.6666 
Table 6-16 Kolmogorov-Smirnov goodness -of-fit results for shear modulus 
Data set Weibull Normal Lognormal 
DRY-4 Pass Pass Pass 
DRY-8 Pass Pass Fail 
DRY-12 Pass Pass Pass 
DRY-16 Pass Pass Fail 
DRY-all Pass Pass Fail 
LTI-4 Pass Pass Pass 
LTI-8 Pass Pass Pass 
LTI-12 Pass Pass Pass 
LTI-16 Pass Pass Fail 
LTI- All Pass Pass Pass 
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Table 6-17 Chi-Squared goodness -of- fit results for shear modulus 
Data set 
Number of 
samples 
Number 
of Bins 
Distribution 
Weibull Normal Lognormal 
DRY-4 10 5 0.91 0.91 0.136 
DRY-8 17 6 0.312 0.79 Fail 
DRY-12 16 6 0.623 0.514 0.068 
DRY-16 19 6 0.971 0.91 0.00 
DRY-all 66 11 0.564 0.441 0.00 
LTI-4 9 5 0.13 0.437 0.13 
LTI-8 8 5 0.517 0.736 0.219 
LTI-12 10 5 0.287 0.736 0.092 
LTI-16 17 6 0.888 0.312 0.001 
LTI- All 68 11 0.388 0.116 0.249 
 
It is now obvious that the mechanical properties of the wet lay-up GFRP specimens vary with the 
number of fabric layers. The variation could come from the nature of the wet lay-up manufacturing 
method. In this method, there is no control on the final thickness of the manufactured panel and 
consequently the fibre volume fraction does not remain uniform. For example, the more is the 
applied pressure during the panel manufacturing, the more will be the fibre volume fraction and the 
less would be the amount of epoxy resin. 
6.3.2.4 Thickness (tc) 
Thickness of the GFRP laminate is another parameter involved in the design of overwrap repair. In 
order to find the representative statistical distribution for repair thickness, the thickness of all 
specimens were collected in one group. The required parameter in the design of repair is the 
thickness of each layer. Thus, measured thicknesses were divided by the number of GFRP layers, 
and the result was considered as the normalised thickness or the thickness of one layer (tc). For 
example, the thickness of one layer of GFRP based on a 2.664mm thick 12-layer GFRP specimen 
worked out to be 0.222 mm. 
The three mentioned goodness-of-fit test methods were used to find the best-fit statistical 
distribution of the normalised thickness. The test results obtained showed that tc data did fail in all 
tests and none of the Normal, Lognormal and Weibull distributions properly fitted the results. 
Distribution parameters are shown in Table 6-18. 
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Table 6-18 Distribution parameters for thickness of one layer of GFRP  
Distribution Distribution parameters tc 
Weibull 
Scale Parameter() 0.2228 
Shape parameter () 33.8262 
Normal 
Scale Parameter() 0.2194 
Shape parameter () 0.007 
Lognormal 
Scale Parameter() -1.5173 
Shape parameter( ) 0.0318 
Although none of the distributions fitted the tc adequately, it is necessary to have a representative 
statistical model for tc. The Akaike information criterion (AIC) (Akaike, 1998) is a measure of the 
relative quality of a statistical model for a given set of data. That is, given a collection of statistical 
distribution for the data, AIC estimates the quality of each distribution, relative to the others. Hence, 
AIC provides a means for the model selection. AIC can tell nothing about the quality of the 
distribution and will not give any warning about the poor quality of models. The preferred model is 
the one with the minimum AIC value. AIC is explained in Appendix A. Likelihood is the main 
parameter to find AIC, and is calculated using MATLAB. According to AIC values in Table 6-19, the 
Lognormal distribution is chosen as the representative distribution for normalised thickness. 
Table 6-19 AIC values to choose the representative statistical model for thickness 
Distribution Log Likelihood AIC 
Weibull 939.133 -1874.27 
Normal 963.698 -1923.4 
Lognormal 964.797 -1925.59 
6.3.3 Summary of distributions for reliability analysis 
All data were examined to find the best-fit distribution, the results of which were presented in the 
previous section. In most cases, the best-fit distribution to the data sets with similar post-curing 
conditions but different number of layers, are similar. On the other hand, the best-fit distribution to 
the whole data (with the same post-curing condition) is not similar to the individual ones. Based on 
the obtained goodness-of-fit results, all best-fit distributions for the mechanical properties are 
summarised in Table 6-20. The representative statistical distribution of the thickness is Lognormal. 
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Table 6-20 Summary of the best-fit statistical distribution 
 DRY LTI 
No. of 
layers 
4 8 12 16 All 4 8 12 16 All 
E Norm.* Weib. Weib. Weib. Norm. Weib. Weib. Weib. Weib. Norm. 
u Norm. Norm. Norm. Norm. Norm. Norm. Weib. Norm. Norm. ------- 
G Weib.** Norm. Weib. Weib. Weib. Norm. Norm. Norm. Weib. Weib. 
Norm. indicates the Normal Distribution 
Weib. indicates the Weibull Distribution 
 
Review of the results obtained, presented in Section 6.2.4, shows that each of the calculated 
mechanical properties of GFRP material varies according to the number of GFRP layers. This has 
been investigated by researchers previously (Abanilla et al., 2006; R. Atadero et al., 2005; Rebecca 
A. Atadero & Karbhari, 2009; Kellas, 1992; Wisnom, 1999) and proven to be the case. Thus for design 
purposes, it is important to consider this variation. 
In order to incorporate the effect of thickness in the reliability analysis for this project, it was 
planned to manufacture a variety of specimens with different thicknesses. After performing the 
tensile tests on the specimens, firstly, all data with the same post-curing conditions were grouped 
in terms of thickness in four sets and the statistical models of each varying parameter was calculated 
for each one of these data sets. Secondly, all data with the same post-curing conditions, were 
grouped in a large set and again the statistical model for each parameter was calculated. Although 
the test results and previous studies had shown that the FRP mechanical properties are different as 
the number of layers varies; an attempt was made to check whether a unique distribution for all 
data could be found. Nevertheless, for the group of DRY and LTI data a unique distribution to cover 
the thickness effect was not found. In addition, as the properties of the GFRP depend on its 
thickness, the best method is to find a relationship between each of the mechanical properties and 
the GFRP thickness or its number of layers. This approach could be reliable, as long as a massive 
number of specimens with a broad range of thicknesses were examined and ample data were 
available. Otherwise, extrapolation is not a reliable approach to find properties for the out-of-range 
data.  
This research has dealt with GFRP samples with the number of layers limited to 4, 8, 12 and 16. In 
reality, applying more than 16 layers of GFRP around a corroded pipe may be necessary. The 
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proposed design method thus should only be followed understanding this limitation. It is assumed 
in this study that the statistical distributions of 16-layer GFRPs are representative of real designs 
and as such, they are used as the base for reliability analysis. 
6.3.4 Correlation amongst variables 
So far, in this research, mechanical parameters E, u and G have been treated as independent 
variables, as if these are not affected by one another. However, structural reliability can be 
significantly affected by any existing correlation between the random variables involved (Michael 
Havbro Faber, 2009). Therefore, it is necessary to find out whether there is any correlation amongst 
the parameters in this research. Correlation between the random variables is expressed by xy  
which is a non-dimensional parameter named as a correlation coefficient (Choi et al., 2006) as 
displayed in Equation 6-5. In this equation, x and y are two random variables,   xy stands for 
covariance and x  or   y  are standard deviations. If x and y are statistically independent, the two 
random variables are uncorrelated and the covariance is zero. Correlation coefficients of ±1 indicate 
a perfect correlation.  
xy
xy
x y


 
  Equation 6-5 
The correlation between the random parameters involved, including E, G, tc and u have been 
studied and the results for different data sets are presented in Table 6-21. 
Table 6-21 correlation coefficients for wet-layup FRP s post-cured in different conditions 
Data set 
Coefficient of correlation 
E-tc G-tc u-tc u-E 
DRY-4 -0.050 -0.725 0.188 0.556 
DRY-8 0.453 -0.667 0.501 0.348 
DRY-12 -0.710 0.740 0.023 0.202 
DRY-16 -0.420 -0.250 0.073 0.009 
LTI-4 -0.758 -0.613 -0.308 0.477 
LTI-8 -0.211 0.558 0.548 -0.017 
LTI-12 -0.153 0.724 -0.313 -0.341 
LTI-16 -0.371 -0.068 0.396 -0.304 
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At first glance, the presence of a high degree of variation for correlation between different variables 
from set to set is obvious. For the purpose of a structural reliability analysis, an absolute correlation 
smaller than 0.2 is treated as a weak correlation, which could be ignored. Correlation equal to or 
larger than 0.8 is considered as strong (Robert E. Melchers, 1999). Reviewing the coefficient 
obtained shows there are some general trends for correlations. There is a negative correlation 
between E and tc, which is broken by DRY-8 samples. The correlation between u and tc is generally 
positive but is negative in the case of LTI samples with four and eight layers of GFRP. In this work, it 
is very difficult to find proper representative correlation factors between different variables. For 
further work, the correlations for 16-layer data sets are used.  
6.3.5 Characteristic values for wet layup FRP materials 
As a rule, the design (nominal/characteristic) value of a design parameter is defined as a percentile 
of the test ultimate value. The general expression used in most guidelines looks like Equation 6-6, 
where, x  is the average of test results,  x  indicates the standard deviation and n is a constant that 
varies from one design code to another.  
The current FRP over wrap design codes, ASME PCC-2(ASME, 2011) and ISO 24817(ISO, 2006) are 
silent on the method of finding the characteristic values. In addition, any variation in the elastic 
modulus is neglected and the average amount of the test results is used for the purpose of design. 
TR55 (The Concrete Society, 2004) prescribes n=2 to find the characteristic value and ACI 440 (ACI, 
2008) prescribes n=3. CHBDC [121] and Täljsten [122] have defined n=1.64; this constant has been 
calculated based on the 5th percentile in the Normal distribution. It indicates that the desired design 
parameter has a 5 percent probability of being smaller than the nominal (characteristic) value. 
Increases in the value of n decrease this probability. For example, in the case of n=3, the probability 
of an under-strength FRP is 0.0013 based on the Normal distribution. Thus, the design will be safer 
but more expensive. 
As these prescribed numbers are calculated based on the Normal distribution, the shape of the 
distribution is ignored. A better approach is to assume a confidence level and then try to find the 
c x xx n    Equation 6-6 
 121 
Experimental Program- GFRP characterisation  
design (nominal) value based on the assumed confidence level. If the given confidence level is 95%, 
then the characteristic value should be calculated based on 5% probability of falling below that level. 
In the current study, these two approaches have been combined. In Table 6-22, the constant n is 
replaced by 1 and 2, are then the CDF of each distribution is checked against the calculated 
characteristic values and the relevant probability is read. Based on this approach, the basic 
descriptors, the characteristic (nominal) values and the probability for each of the random variables 
involved in design are presented in Table 6-22. Results in Table 6-22 show that, in the case of n=2, 
the probability of each of the random variables falling below the characteristic value is less than 5%. 
Hence in this work the characteristic values are chosen based on n=2. 
Table 6-22 characteristic (nominal) values  
 
DRY LTI 
tc 
E (MPa) 
u 
(mm/mm) 
G(MPa) E (MPa) 
u 
(mm/mm) 
G(MPa) 
Mean 13072.55 0.0154 1987.13 14609.3 0.0129 1618.05 0.2194 
STD 1372.63 0.0015 195.90 1192.42 0.0007 256.36 0.0070 
Mean-STD 11699.92 0.0139 1791.23 13416.88 0.0122 1361.70 0.2124 
Probability% 14.21 15.87 19.53 14.92 15.87 13.83 15.83 
Mean - 2STD 10327.29 0.0123 1595.33 12224.46 0.0115 1105.34 0.2054 
Probability% 3.32 2.28 4.71 3.84 2.28 2.71 2 
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7.1 General 
In Chapters 5 and 6 of this dissertation, fundamentals of the current research work were presented. 
Chapter 5 covered the reliability-based method of design including different statistical models for 
properties of materials, geometry and loading. The reliability index and the safety factors were also 
introduced and discussed in Chapter 5. Finally, the models chosen for the study were explained. 
Chapter 6 elaborated on the methods and steps towards finding the representative statistical 
models for GFRP mechanical properties as well as the GFRP thickness. At the end of Chapter 6, the 
applicable statistical models were proposed. 
As mentioned in Chapter 5, the calibration cannot be made general, rather it is performed for a 
particular structure under given loads and made from certain materials. The safety factors are then 
obtained by varying their values until the reliability index obtained becomes close to the target 
reliability index. The calibration procedure is usually performed in the following steps: 
1. Formulating the limit state function and the design equation; 
2. Determining the representative statistical model for different loads and resistance 
parameters; 
3. Defining the characteristic (Nominal) values for each of the parameters found in step 2; 
4. Selecting the reliability target based on the importance of the structure; 
5. Selecting the safety factors for load and resistance; 
6. Running the reliability analysis; 
7. Calculating the probability of failure and the reliability index according to Equation 5-10 
,Equation 5-19 and Table 5-1; 
8. Comparing the reliability index obtained with the target reliability index, and 
9. Repeating steps 5 to 8 until these two indices become close to each other 
In this chapter, firstly, the working actions on a pipeline are explained and different loading 
scenarios are presented. In line with the current design codes, two design approaches have been 
taken in the proposed reliability-based design method and are documented in this chapter following 
the loading scenarios. In order to make the process of calibration clear, a particular case study has 
been selected and the calibration of safety factors has been performed for this case study structure. 
All the required design parameters and their statistical models are adopted from the previous 
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sections. . The aim of the design is finding the appropriate thickness of FRP. The process is presented 
in the following. 
7.2 Load scenarios 
In reality, pipelines are subjected to a combination of different type of loads. Applied loads induce 
different types of actions including bending moment, shear force, tension/compression force and 
torsional moment at the pipe section. Figure 7-1 shows the actions at work on the pipe cross section. 
The actions produce different types of stress. Table 7-1 demonstrates the relationship between the 
actions and the consequential stresses. 
In order to perform the repair design, the designer needs to have adequate information about the 
applicable loads. If loads are available or the original design documents are accessible, then the step 
of load definition is completed. The chance of not having access to the exact loads, however is 
always a possibility. This dissertation aims to propose a general approach towards the repair design, 
thus, in this case study, it is assumed that the exact loading is not described. The aim is therefore to 
rehabilitate the pipe to its original capacity.  
 
 
Figure 7-1 Actions working in a pipe section 
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To find this original capacity, reverse calculations are performed. Based on ASME B31.4 (ASME, 
2009), the resistance reduction factor for the yield stress of steel pipes is 0.72. ASME also 
recommends the use of von Mises equation as shown in Equation 7-1, where subscripts 1 and 2 
denote the normal stress axis. Subscript 12 shows the shear plane and vσ  is called von Mises stress 
or equivalent tensile stress. 
Based on the loads under consideration, these stresses can be found as shown in Table 7-1 where 
Dp and tp denote pipe’s outer diameter and wall thickness respectively. 
Table 7-1 Actions and induced stresses 
Stress 
Internal 
pressure (P) 
Axial Load 
(F) 
Bending 
(Mb) 
Torsion 
(Mt) 
Shear 
(V) 
Axial
2 ( )  4
p
p
PD
t
 
p p
F
D t
 
2
4 b
p p
M
D t
 0 0 
Hoop
1( )  2
p
p
PD
t
 0 0 0 0 
Shear
12( )  
0 0 0 2
2 t
p p
M
D t
 
p p
V
D t
 
 
To find the maximum value of each action, firstly, it is assumed that the equivalent stress is 0.72fy, 
and then different stresses related to each of the actions are substituted in the von Mises equation. 
For example, if internal pressure (P) is the only applied load on a pipe; hoop and axial stresses of
2
p
p
PD
t
, 
4
p
p
PD
t
 respectively develop in the pipe according to Table 7-1. Substituting these stresses into 
von Mises equation (Equation 7-1) and rewriting the equation in terms of P, then gives the design 
value for the internal pressure as shown in Equation 7-2. The design values for all actions thereby 
obtained are presented in Table 7-2. 
2 2 2
1 1 2 2 123 v         Equation 7-1 
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2 2
0.72
2 4 2 4
p p p p
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p p p p
PD PD PD PD
f
t t t t
     
             
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4 0.72 1.66
3
p y p y
pp
t f t f
P
DD

   
Equation 7-2 
Table 7-2 Maximum value of each action, calculated according to the design capacity of decent pipe 
Action Design value 
P 
1.66 p y
p
t f
D
 
Mb 20.57 p y pD f t  
Mt 20.65 p y pD f t  
V 1.31 p y pD f t  
F 2.26 p y pD f t  
Each of the values presented in Table 7-2 is the design value of the related action, because they are 
calculated based on the design capacity of the intact pipe. Each of these values induces a maximum 
stress equal to 0.72fy at the pipe section. It is, however, very common to have a combination of 
these actions applied to the pipe. The load combination is defined in Equation 7-3. Different 
coefficients are defined to introduce several load combinations. 
Cp varies between 0.65 and 1.00 in the interval of 0.05 and all the other factors (Cb, Ct, Cv, and Cf) 
vary from 0.0 to 0.75, in the same interval. In order to find the possible combinations, a small 
MATLAB code was developed. All the load combinations that were able to induce von Mises stress 
equal to 0.72fy were reported. Amongst all reported load combinations, eight are chosen randomly 
(Table 7-3). 
 
 
p b b t t v fL c P c M cM c V c F      Equation 7-3 
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Table 7-3 Action coeficients used in this research 
Load case Cp Cf Cb Ct Cv 
1 1 0 0 0 0 
2 0.95 0.2 0.1 0.1 0 
3 0.8 0.1 0.35 0.25 0.15 
4 0.8 0.35 0.1 0.25 0.15 
5 0.7 0.35 0.35 0.15 0 
6 0.7 0.5 0.15 0.2 0.1 
7 0.65 0.7 0 0.2 0.1 
8 0.65 0.15 0.55 0.2 0.1 
7.3 Design approaches 
As mentioned previously, the two available FRP repair design codes, namely ASME and ISO, propose 
two approaches towards the design of the FRP layer. The first approach (from now on called 
Approach A) considers the contribution of steel pipe in carrying the applied loads, but the second 
approach (Approach B), ignores this contribution and the FRP repair layer is designed to resist all 
applied loads. Approach A is applicable to cases in which the corrosion depth is constant during the 
repair lifetime. That can happen when the application of the FRP repair around the externally 
corroded pipe stops the pipe from further corrosion through isolating the corroded area from the 
corrosive environment (J.L.F. Freire et al., 2007). The corrosion will therefore be constant after 
repair. Designers can use the maximum depth of corrosion during the lifetime of repair as the design 
depth. Approach B is for those pipes in which the remaining wall thickness is less than one millimetre 
or, due to certain considerations, the designer prefers to ignore the steel contribution in carrying 
the load. In this dissertation, both Approaches A and B have been considered in the probabilistic-
based design framework. 
ASME B31.4 (ASME, 2009) designs pipes based on the yield stress of steel, using a safety factor of 
0.72. In this dissertation, three different safety factors including 0.68, 0.70, and 0.72 have been 
tested in order to find the best applicable safety factor, which gives the reliability indices close to 
the target reliability indices. 
In Chapter 3, different criteria for the design of composite materials were introduced. The Tsai-Hill 
criterion shown in Equation 7-4 has several advantages for the design and is the chosen criterion in 
the current reliability study, while the von Mises criterion is used to model the corroded steel pipe. 
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22 2
61 2 1 2
2 2 2 2
1 2 6 1
 
1
F F F F
   
     Equation 7-4 
7.3.1 Approach A 
In this case, the substrate contributes to carrying the load and the capacity of the remaining part of 
steel is considered in the design of the repair. For the first step in the design, the steel and the FRP 
portion of the applied loads should be determined separately. The designer first has to check that 
what happens if all actions are resisted by the steel pipe alone. This can be done by checking the 
value of von Mises stress for the corroded pipe in the thinnest section. The load-induced stresses 
for calculating the von Mises stress come from Table 7-1, where t is equal to ts (the remaining pipe 
wall thickness). The equivalent stress calculated from Equation 7-1 is then divided by the steel 
design stress and the ratio is called the load factor (LF) as shown in Equation 7-5. 
1         No need for repair            
        
1
1          Composite load Coefficient = k
v
s
c
LF
fy
LF
LF
L
F
F
L



 


 
  

  Equation 7-5 
 
s  is the safety factor. Definition of Kc indicates that the steel carries the loads, up to its design 
point and the remaining load, is taken by the FRP. The FRP is designed using the Tsai-Hill criterion. 
All the required stress values come from Table 7-4, and the design capacity of the FRP is considered. 
In this table, tc denotes the FRP thickness, and Dc equals Dp+tc. The main advantage of this method 
is that it provides the minimum required thickness for the FRP considering different types of loads 
and the capacity of the FRP in both directions simultaneously. 
The stresses in Table 7-4 are defined for the pipe coordinates. Prior to being applied in the Tsai-Hill 
equation, they need to be transferred from this coordinate set to the FRP material coordinates. The 
method has been explained in section 3.1. The transformation matrix is as shown in Equation 3-4. 
The angle of wrapping (), which is the deviation of the composite material coordinates from the 
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steel pipe coordinates, is shown in Figure 7-2. Equation 7-6 defines the wrapping angle based on the 
overlap length (l) of the FRP layers. 
Table 7-4 Stresses required for FRP design 
Stress 
Internal 
pressure (P) 
Axial 
Force(F) 
Bending 
Moment (Mb) 
Torsion 
(Mt) 
Shear Force 
(V) 
Axial  ( )a  4
c
c
c
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k
t
 
c
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F
k
D t
 
2
4 b
c
c c
M
k
D t
 
0 0 
Hoop ( )c  2
c
c
c
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k
t
 
0 0 0 0 
Shear ( )ac  0 0 0 
2
2 t
c
c c
M
k
D t
 
c
c
V
k
Dt
 
 tc = FRP’s thickness, Dc=Dp+tc 
 Approach B:Kc=1 
 
Figure 7-2 Definition of steel and composite material coordination systems and wrapping angle  
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7.3.2 Approach B 
In this case, the FRP acts solely as a structural element. It carries all the actions present. The design 
procedure for the FRP is similar to Approach A, with the difference being that Kc is equal to one. In 
the general form of the design equation,  and  are the load and resistance safety factors. The 
procedure of finding the design loads and actions described in 6.21 gives the design load that is 
already factored in but the resistance safety factors for the steel and the FRP need to be defined. 
Two sets of safety factors, one for FRP (c) and the other for steel (s), therefore have to be selected. 
These safety factors are applied to the nominal (characteristic) capacity of the materials. For 
instance, the steel design equation based on the von Mises equation is shown in Equation 7-7. 
The FRP design function is derived based on the Tsai-Hill equation as shown in Equation 7-8 and 
rewritten in Equation 7-9. It is assumed that the safety factors for all directions are the same (Issac 
M. Daniel & Ishai, 2005). 
       
22 2
6
2 2 2 2
1 2 6 1
1 2 1 2 1
c c c cF F F F  
  


     
22 2
61 2 1 2
2 2 2 2
1 2 6 1
2 0
 
c
F F F F
  


      
Equation 7-8 
 
Equation 7-9 
In Equation 7-7 to Equation 7-9, all of the capacities fy, F1, F2, F6 are nominal (characteristic) values. 
2 2 2
1 1 2 2 12 3 0s yf           Equation 7-7 
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7.4 Case study 
In a reliability-based design procedure a range of different structures, with different loads and 
geometries could be considered for safety factor calibration. This study aims to propose a 
probabilistic-based design method in repair of onshore and offshore pipelines and the following 
case is defined for safety factor calibration. Offshore and onshore cases are similar in terms of pipe 
material and geometry and the mechanical properties of FRP are selected based on environmental 
conditions. 
Case study: An API-5L-16ND has been locally corroded in several points and is in need of 
rehabilitation with GFRP overwrap system. Corrosion varies between 15% and 90% of the pipe wall 
thickness. In some segments, the remaining thickness is less than 1mm and according to the 
available design codes, these cases should be consider as 100% corrosion. The original design 
documents of the given pipeline are not available. 
The general format of the limit state function, considering the model error and safety factors, is 
presented in Equation 5-22. As mentioned in 4.5.3, in this dissertation the model error, XM, is 
adopted from the open literature (Avrithi & Ayyub, 2009a). The adopted statistical model is a 
Normal distribution with the mean and the coefficient of variation equal to 1.12 and 0.05 
respectively.  
In the oil and gas industry, pipelines have to have a very safe design, as failure in the pipelines could 
have catastrophic consequences. Setting of the target reliability is a complex procedure and requires 
knowledge of the cost of failure and risk assessment. There is no adequate information available , 
thus a range of different consequences of failure is considered. The target reliability indices are set 
high to 3.1, 3.8 and 4.3 in this research.  
Based on the statistical models presented in Section 4.5, in the following the adopted models and 
nominal values are presented for the current case study. For the steel pipe, API-5L-16ND is used, 
the mechanical properties and geometry of which are shown in Table 7-5.  
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Table 7-5: Pipe mechanical properties and geometry (American Petroleum Institute, 2012)  
Parameter unit Value 
Fy (MPa) 396.92 
E (MPa) 208799 
Dp (mm) 406.4 
tp (mm) 15.9 
 
Here, corrosion is defined as a percentage of pipe wall thickness (tp) and varies from 20% to 100%. 
It is assumed that the remaining thickness (ts) follows the statistical model of tp. For example, the 
pipe used in this study, is an API-5L- GR65 size 16 with 70% corrosion, meaning that in the corroded 
part of the pipe 70% of the wall thickness equal to 11.13 mm is gone and only 4.77 mm contributes 
to carrying the applied loads.  
In Chapter 6, the mechanical properties of GFRP were obtained from the experimental 
program that was carried out as part of this study. Characteristic values of the parameters 
involved in the reliability analysis are tabulated in Table 7-6. 
 
Table 7-6 Characteristic values for GFRP 
 
DRY LTI 
tc 
mm 
E 
(MPa) 
u 
(mm/mm) 
G 
(MPa) 
E 
(MPa) 
u 
(mm/mm) 
G 
(MPa) 
Mean 13072.55 0.0154 
1987.1
3 
14609.3 0.0129 1618.052 0.219408 
STD 1372.63 0.00155 195.90 1192.42 0.00073 256.3556 0.006989 
Characteristic 
value 
10327 0.0123 1595 12224 0.0115 1105 0.205 
 
The representative statistical models for all random variables were defined in the previous sections. 
Table 7-7 shows all of these random variables, nominal values, bias, statistical models and the 
related parameters, which are used for the given case study.  
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Table 7-7 Random variable, statistical models and the related parameters 
 Variable Unit Model Parameters PDF Reference 
St
ee
l p
ip
e 
Dp  
(mm) 
=406.4, =325.12, b*=1.0 Normal 
(Avrithi & 
Ayyub, 
2009b) 
tp  
(mm) 
=15.9, =0.557, b=1.0 Normal 
(Avrithi & 
Ayyub, 
2009b) 
fy  
(MPa) 
=6.103, =0.08, b=1.13 Lognormal 
(Orrcon 
Steel) 
E  
(MPa) 
=208793.5, =10439.67, b=1.044 Normal 
(M 
Ahammed & 
Melchers, 
1994; Lee et 
al., 2010; 
Orrcon Steel) 
G
FR
P
 
D
R
Y 
Ec  (MPa) =13656.69, =12.1284, b=1.2658 Weibull 
This 
dissertation 
u  
(mm/
mm) 
=.015443, =0.001554, b=1.252 Normal 
G  (MPa) =2073.07, =11.573, b=1.246 Weibull 
LT
I 
Ec  (MPa) =15122.54, =15.23, b=1.195 Weibull 
u  
(mm/
mm) 
=0.012949, =0.000727, b=1.126 Normal 
G  (MPa) =1722.37, =8.1052, b=1.464 Weibull 
 
tc  
(mm) 
=-1.5173, =0.0318, b=1.068 Lognormal 
Lo
ad
s 
P  (MPa) 
= Nominal, =0.1, b=1.0 Normal 
(Mustaffa et 
al., 2009) 
F  (KN) 
Mb  
(KN.m
m) 
Mt  
(KN.m
m) 
V  (KN) 
Model 
Error 
XM 
 
μ=1.0 , σ=0.05 Normal 
(Avrithi & 
Ayyub, 
2009a) 
*b=Bias  
7.5 Reliability analysis 
The Monte Carlo Simulation is the reliability method used in this dissertation. The procedural steps 
of the analysis are as follows: 
 Calculate maximum applicable actions; 
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 Select different action combination; 
 Calculate LF and kc (Equation 7-5); 
 Establish the design equations; 
 Run the MCS a certain number of times; 
 Calculate the probability of failure and the reliability index. 
7.5.1 Number of simulations 
Performing the MCS is time-consuming , particularly when the number of simulations is high. On 
the other hand, the higher the number of simulations, the more accurate would be the result. A 
series of sensitivity analyses has been performed to find the required number of simulations. In the 
first sensitivity analysis, an onshore pipe is considered for repair, for which c, s and degree of 
corrosion are equalled to 0.75, 0.72 and 60% respectively. Figure 7-3 shows the relationship 
between the number of simulations and the reliability indices. The Monte Carlo Simulation has been 
performed for 1,000,000 to 14,000,000 times and the reliability indices obtained for different levels 
of analysis are presented in Figure 7-3.  
 
 
Figure 7-3 Reliability index versus the number of simulations 
Figure 7-3 shows that at about eight million plus simulations, the index obtained is almost constant, 
thus, at least eight million simulations are required to reach a reliable index of reliability. 
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7.5.2 Finding the worst loading case 
In order to find the worst load case, one offshore pipe (using LTI for repair) and one onshore pipe 
(using DRY for repair) with similar dimensions were tested for the eight load cases shown in 
Table 7-3. It was assumed that corrosion varies from 15% to 100%, s is equal to 0.72 , and c is 
equal to 0.7 for the onshore and 0.75 for the offshore pipes. Each analysis was performed for at 
least eight million simulations, and up to twenty million times for cases with the higher reliability 
index. Results are shown in Figure 7-4. The graphs show that the repaired pipe, which carries the 
internal pressure as the only applied load, has the minimum reliability index amongst all eight cases 
defined in Table 7-3. It is a general trend for both onshore and offshore pipes. Based on this, the 
reliability analysis in this dissertation is performed for the pipes with internal pressure only. 
  
(a) (b) 
Figure 7-4 Reliability of the repaired pipes for different load cases (a) Onshore pipe (b) Offshore pipe 
7.5.3 Calibration of steel safety factor 
Another sensitivity analysis was also performed to find the most appropriate safety factor for steel. 
The safety factor for un-corroded pipe is 0.72 (ASME, 2009) and in this sensitivity analysis, two more 
safety factors of 0.68 and 0.70 were considered. The results of this sensitivity analysis for a repaired 
onshore-corroded pipe are presented in Figure 7-5. The results show that the lower is the s, the 
higher is the reliability index, which is as expected. On the other hand, the maximum reliability index 
in this dissertation is set to 4.3 which is the maximum reliability index recommended by ISO-2394 
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(ISO, 1998). Thus s=0.72 is chosen to give the required reliability indices rather than the higher 
ones. 
 
(a) 
 
(b) 
 
(c) 
Figure 7-5 Reliability indices versus c for different levels of corrosion, (a) s=0.68, (b) s =0.70, (c) s =0.72 
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7.5.4 Calibration of FRP safety factor 
After defining the required parameters such as safety factors, target reliability indices and number 
of simulations, the reliability analysis is performed for both offshore and onshore-corroded 
pipelines. Corrosion varies between 15% and 100% and c varies between 0.5 and 1 at 0.5 intervals. 
Results are presented in Figure 7-6. 
 
(a) 
 
(b) 
Figure 7-6 Reliability indices versus c for different levels of corrosion (a) Onshore pipes (b) Offshore pipes 
 
The graphs show that the reliability index for a repaired pipe at a certain value of c varies according 
to the level of corrosion. In additon, a constant c cannot give a uniform reliability for a repaired 
pipe. For example, considering c=0.8, the reliability index varies from 3.75 to 4.61 for an offshore 
pipe and 3.47 to 4.58 for an onshore pipe. The ranges obtained cover two different levels of safety 
in the ISO standard (ISO, 1998), which is not desirable. 
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This dissertation proposes to implement variable safety factors for the FRP in the design of FRP 
overwrap system. The variable safety factor enables designers to achieve a relatively uniform level 
of reliability in their design. ACI318 (ACI, 2014) has implemented a variable safety factor in the 
design of reinforced concrete elements subjected to moment, axial forces or combination of 
moment and axial forces. Figure 7-7 shows graphs that are proposed for this purpose. Based on 
these graphs the designer is able to find the proper c from the graphs based on the extent of 
corrosion. For example, if an onshore pipe with about 60% of corrosion is to be designed for the 
safety level corresponding to =4.3, then the safety factor for the FRP will be 0.74, While it would 
be 0.87 if the given safety level is =3.8. 
Graphs show that using this design method and the nominal values for the composite material, the 
designer is not able to achieve the target index of 3.1 in some cases. This includes the offshore and 
onshore pipes with corrosion of less than 70% and 75% of the pipe wall thickness respectively. 
Consequently, using c=1 gives the reliability index higher than 3.1. The same happens for the 
second level of reliability in onshore pipes. The pipes with corrosion of less than 35% have reliability 
indices higher than the target index. 
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(a) 
 
(b) 
Figure 7-7 Proposed composite material safety factor c, for different level of safety (a) Onshore pipes, (b) 
Offshore pipes 
7.6 Design results 
The aim of the design is finding the minimum required thickness of the FRP for repair of the corroded 
pipeline. During the previous sections of this chapter, the design procedure for the given case study 
was explained systematically and the design results are graphed in Figure 7-8 . A summary of the 
proposed design method and details of the FRP design for the given case study are presented in 
Appendix B. 
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(a) 
 
(b) 
Figure 7-8 FRP thickness as the results of repair design for different level of safety () (a) Onshore pipeline, (b) 
Offshore pipeline 
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8.1 General 
This dissertation describes the theoretical background and the experimental and analytical 
procedures followed to develop a framework for the reliability-based design of FRP strengthening 
of existing pipelines. The statistical variables in the wet-layup manufactured FRP were characterised 
for use in reliability analysis based on the tensile testing of a number of bidirectional FRP samples 
post-cured in two different environmental conditions. Characteristic values of the FRP properties 
were defined in accordance with the mean and standard deviation of each parameter. The current 
pipeline repair design codes, and the available steel and FRP failure criteria were scrutinised and as 
a result, Tsai-Hill and von Mises equations were chosen to set the design and limit state equations. 
The method is set based on the design values, FRP and steel resistance factors that account for 
variation in the properties and a model error that considers the modelling uncertainties. 
After the development of the design format, the reliability target was chosen. The steel design safety 
factors were set by performing sensitivity analyses following which the FRP design factors were 
calibrated for different levels of corrosion for onshore and offshore pipelines through defined case 
studies. In the following, the findings of this dissertation are summarised, and the areas for further 
research are highlighted. 
8.2 Accomplishments, observations and conclusions 
The results summarised in the following are based on the analytical and finite element analysis, the 
experiments and reliability analyses performed in this research and the experimental data collected 
from the project’s sponsor (CRC-ACS). 
8.2.1 Current pipelines’ FRP repair design codes 
1. Based on the analytical and finite element analysis performed, it was found that: 
 ASME PCC-2 underestimates the repair thickness when the internal pressure is not zero 
during the repair installation and if followed, the hoop strains in the laminate exceed the 
allowable laminate strain.  
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 The repair laminate thickness calculated according to the ISO standard is conservative for 
most of the design cases, however, it gives inadequate repair thickness for situations in 
which live pressure and wall thinning are significant. 
 The live pressure does not influence the hoop strain in the repair laminate at the design 
pressure. The author recommends a modification to the design equation. The recommended 
modified design equation is as shown in Equation 8-1. 
2
s
c
c min c min
tPD
s
E t E t
    Equation 8-1 
2. The mechanical behaviour of the steel material is modelled by implementing the Ramberg-
Osgood model. The model was calibrated for Orrcon’s API 5L X42 based on the data provided by 
the supplier. The model and the calibrated parameters are shown in Equation 8-2 
1
0
n
E

   


 
   
 
 
α=1.052 
n=22.87 
0=396.92MPa 
E=208793 MPa 
Equation 8-2 
3. The FE model presented in Chapter 4 is verified with the results of a hydro-test experiment 
provided by CRC-ACS. The acceptable agreement between the FE model and test results enables 
this model to act as a proper base for further studies in the future. 
4. The FRP’s interactive design criteria are more accurate than non-interactive criteria because 
they take the interaction between the strength of the material in the both directions and the 
different induced stresses into account simultaneously. Thus using Tsai-Hill as the FRP design 
equation for the new design approach is recommended. 
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8.2.2 Statistical models 
5. Based on the tensile test program performed on the DRY specimens in this research, the 
following statistical models (Table 8-1) of the parameters required in the design of FRP for 
onshore pipeline repair.  
Table 8-1 DRY specimens - random variable, statistical models and the related parameters 
Variable Model parameters PDF 
Ec (MPa) =13656.69, =12.1284, b=1.2658 Weibull 
u (mm/mm) =.015443, =0.001554, b=1.252 Normal 
G (MPa) =2073.07, =11.573, b=1.246 Weibull 
6. The same information for the LTI specimens is listed in Table 8-2. These values can be used for 
the design of offshore pipelines. 
Table 8-2 LTI specimens-random variable, statistical models and the related parameters 
Variable Model parameters PDF 
Ec (MPa) =15122.54, =15.23, b=1.195 Weibull 
u (mm/mm) =0.012949, =0.000727, b=1.126 Normal 
G (MPa) =1722.37, =8.1052, b=1.464 Weibull 
7. The thickness of one layer of FRP follows a lognormal distribution with the scale parameter of -
1.517 and shape parameter of 0.0318 and bias of 1.08. 
8. The statistical analysis performed showed the presence of correlation between different 
variables. Table 8-3 shows the existence correlations. 
Table 8-3 correlation coefficients for wet lay-up FRP s post-cured in different conditions 
Set 
Coefficient of correlation 
E-tc G-tc u-tc u-E 
DRY -0.420 -0.250 0.073 0.009 
LTI -0.371 -0.068 0.396 -0.304 
8.2.3 Reliability Analysis 
9. A sensitivity analysis was performed to find the required minimum number of Monte Carlo 
Simulations. The results showed that at least eight million simulations are required to reach an 
acceptable index of reliability. 
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10. Another sensitivity analysis was performed to find the worst load case in terms of reliability. 
Results obtained indicated that the loading case encompassing the internal pressure as the only 
load exhibits the lowest degree of reliability. 
11. ASME B31.4 prescribes a safety factor equal to 0.72 for steel. The sensitivity analysis performed 
in this research confirmed s=0.72 as a proper and adequate safety factor. This was used in this 
study. 
12. The calibration process for the FRP safety factor showed that a constant safety factor for FRP 
will not exhibit a relatively uniform reliability index for the different FRP-strengthened steel 
pipelines. Thus, a variable FRP safety factor which varies according to the degree of corrosion 
and the target safety index is recommended as shown in Figure 8-1 
Figure 8-1 Proposed safety factor for composite material c (a) Onshore pipes, (b) Offshore pipes 
8.3 Areas for further study 
The work presented in the current project has addressed the pre-defined objectives of this research. 
There are still some areas, however, that require further investigation in future research. Some of 
these areas, identified during the current work, are explained in the following: 
1. In the current design codes, the defective area of a pipe is considered as a circumferential defect 
and all the other defect shapes are ignored. A comprehensive parametric FE analysis is necessary 
to investigate how the different dimensions of a single defect (length, depth and width) and the 
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relative location of multiple defects could affect the FRP design. Such analysis could be verified 
with either the FE model or the hydro test result, as presented in this study. 
2. A comprehensive database with massive data, including different types of FRP in terms of fibres 
and resins and different post-curing conditions is a necessary tool for the reliability design. There 
are several drawbacks in the available FRP databases for strengthening of defective structural 
elements. A number of experimental studies covering CFRP and GFRP (the common FRPs used 
for strengthening purposes) are therefore highly recommended. Those studies need to include 
uncertainties due to labour skill level, fibres misplacement and mis-orientation, and the fibre 
and resin properties. 
3. Environmental conditions significantly affect the mechanical properties of FRPs. Effects of 
environmental conditions have to be investigated at different stages of FRP life. Temperature 
and humidity are the most important environmental factors, and their effects need to be well 
investigated for the application time, post-curing process, and short-term, mid-term and long-
term periods. It is also crucial that Degradation in mechanical properties to be studied. 
4. The tidal zones and splash zones of marine structures such as risers are corrosion prone. This is 
due to the several wetting and drying cycles that they experience every day. Accordingly, the 
FRP for this zone has to be specially designed. This area has not yet been studied and the 
development of reliability-based design methods for repair in these zones requires the 
establishment of a set of reliable data. 
5. An experimental study is required to be specifically designed and performed in order to deduce 
a statistical distribution for the model error used for the prediction of the induced stresses in 
the strengthened pipe and the FRP. In this program, the ultimate strength of FRP should also be 
targeted. Of particular importance is checking to see whether there is any similarity between 
the FRP behaviour in the hoop direction and that of the tensile test, which is widely used for FRP 
characterisation purposes. 
6. The interface of steel and FRP could be vulnerable to long-term exposure to the environment. 
An experimental study needs to be performed to investigate this parameter. 
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Appendix A: Goodness-of-fit tests 
The goodness of fit (GOF) of a statistical distribution describes how well the model fits the set of 
observations. GOF only summarises the deviation of the fitted model and the observations, so is not 
able to say that a distribution is a good fit. There are several GOF tests available and in this 
dissertation, three different tests were implemented: Chi-Squared, Kolmogorov-Smirnov and 
Anderson-Darling. Akaike information criterion (ACI) is used in this dissertation to measure the 
relative quality of given statistical models 
1. Chi-Squared test (C-S) 
The Chi-Squared goodness-of-fit test divides the data range into a number of bins, k. computes the 
number of the data fallen in each bin then, and compares this with the number of data points 
predicted by the tested distributions. The number of bins is very important in this test and the 
number of bins should be approximately k=2n2/3 where n is the sample size. Test statistics are 
computed using Equation A-1 
2
1
( )k i i
i i
na np
CS
np


 
Equation A-1 
where nai denotes the number of actual data points that fall in to bin i, npi is the number of points 
predicted in the bin by the distribution tested. The Chi-Squared test uses the same rejection criteria 
for every distribution, therefore the distribution that passes the test at the highest significance level 
is the one with the smallest value for the test statistic. 
2. Kolmogorov-Smirnov Test (K-S) 
The idea behind the Kolmogorov-Smirnov test is to estimate the maximum difference between 
observed and predicted cumulative distribution functions and compare with this expectations. The 
empirical distribution function is denotes by Fn, F denoted the tested distribution and n is the 
number of samples, and then the parameter for the K-S test is computed by Equation A-2 
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    
 Equation A-2 
The observed significance level is computed by 
Appendix A: Goodness-of-fit tests 162 
 
162 
2
2 4
2 2 2 4(1 )
3 93
KS KS KS KSP e
n nn
     Equation A-3 
 
Under the null hypothesis, the probability of the P=Pr (K>KS) should not be small and for a given 
significance level of 0<<1 then P=Pr (K>KS) should hold for . If this condition is violated the 
hypothesis may be rejected at level . 
3. Anderson-Darling Test (A-D) 
The Anderson-Darling test statistic is computed as shown in Equation A-4, where n is the total 
number of data points and F(x) is as previously defined. An advantage of this test is that it is good 
at detecting differences between the data and the assumed distribution in the tail regions. 
 2 1
1
(2 1) ln ( ) ln(1 F(x ))
n
i n i
i
A n i F x
n
        Equation A-4 
 
The distribution with the smallest A2 value represents the best-fit distribution. 
4. Akaike Information Criterion (AIC) 
AIC is a measure of the relative quality of a statistical model for a given set of data, that is, given a 
collection of statistical distribution for the data, AIC estimates the quality of each distribution, 
relative to the others. Hence, AIC therefore provides a means for the model selection. AIC can tell 
nothing about the quality of the distribution and will not give any warning about the poor quality of 
models. The preferred model is the one with the minimum AIC value. The AIC value is calculable by 
Equation A-5 
2ln( ) 2AIC L K    Equation A-5 
where, L is the maximum likelihood and K is the number of estimated parameters in the distribution. 
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Appendix B: Results of the FRP design for the given case study 
In the following, first, a brief review on the design procedure is presented. Details of design results 
for the considered case study are then presented. These results include material properties, 
sectional dimensions, the designed thickness as well as the resulted reliability indices for different 
corrosion levels. 
The proposed design procedure comprises the following steps: 
1. Assessment of the existing pipeline (from geometry and loading aspects) 
2. Defining FRP characteristic values 
3. Selecting the appropriate safety factor for the FRP based on the corrosion depth 
4. Calculating the required thickness for the FRP and finally the number of layers based on 
the nominal thickness. 
The steps are described in following. 
Assessment of the existing pipeline is the first step of strengthening and rehabilitation. The type, 
depth length and location of the defects need to be investigated. It is necessary to find out if the 
deterioration has ceased or if it is continuing. In addition, the original design documents are 
preferable for determining the original design loads, pipe geometry, material properties and design 
assumptions. It is essential to know the material properties and the pipe geometry. 
After selection of the appropriate FRP for the project, the characteristic values for each of the 
mechanical parameters should be calculated. Although the proposed design method does not 
address fibre and resin selection criteria, the selection should be performed in accordance with the 
environmental and operational conditions and the cost and availability of the materials. By selection 
of the FRP, the nominal values of the FRP could be calculated using the datasheet of the FRP 
supplier, implementing the rules of mixture and substituting the standard properties of the fibre 
and the resin in the equations or performing the required tests on FRP specimens. Next, the mean 
and COV measurer are required which can be calculated based on the tests performed, extracted 
from the supplier’s data sheet or obtained from open literature. This research showed that the 
characteristic value is calculable from Equation 6-6 with n=2. It is also important to make a decision 
on the width of the overlap of the two successive FRP layers. Using one-third or one-half of the FRP 
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width for the width of the overlaps is very common. The FRP will be applied at the angle calculated 
from Equation 7-6. 
The appropriate design factor for the FRP is selected based on the corrosion depth and level of 
safety - defined as target reliability index , from the two tables presented in Figure 7-7 for onshore 
and offshore pipes. 
The last step is the calculation of the required FRP thickness to strengthen the corroded pipe. The 
following sub-steps show the procedures for calculation of the FRP thickness: 
 The designer needs to verify if the remaining thickness of the corroded pipe is going to 
contribute in carrying the design loads or not. Based on the answer, one of the design 
Approaches A (7.3.1) or B (7.3.2) will be taken.  
 If the design loads are well defined by the available design documents or other valid sources, 
then the loads will be used in design, otherwise the FRP will be designed for the internal 
design pressure obtained from Table 7-2. 
 kc shows the design load portion that the repair will be designed for. It equals one for 
Approach B and is calculable from Equation 6-6 for Approach A. If the internal pressure is the 
only design load, then kc equals to the depth of corrosion. 
 The induced stresses in the thickness of the FRP are calculable from Table 7-6. These stresses 
will be transferred from loading directions to the FRP principal directions through Equation 7-
7. 
 Substituting the values for the stresses from the previous step, the nominal values of the FRP 
properties described in the second step of the design method and the proper FRP safety 
factor into Equation 8-3 will give the required thickness of the FRP in a trial and error 
procedure. The minimum required number of the FRP layers is the calculated thickness 
divided by the nominal thickness of one layer. 
The design procedure is now clarified and summarised. The FRP strengthening for the documented 
case study is designed and the design steps are presented in Table B-1. 
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Table B-1 Design steps 
Design 
step 
Required parameters Assumption 
A
ss
es
sm
en
t 
Pipe Geometry and 
mechanical 
properties 
 
 
Dp=406.4mm 
tp=15.9mm 
Fy=396.9MPa 
E=200000 MPa 
 
Corrosion depth 
 
25%-80% of the original pipe wall thickness 
 
Environmental 
condition: 
 
Onshore 
Offshore 
 
Loads Design Loads are not available 
FR
P
 s
el
ec
ti
o
n
 
GFRP is selected 
 
 
Characteristic values  
DRY 
(Onshore): 
E=10327 MPa 
G=1595 MPa 
u=0.0123 
mm/mm 
 
LTI 
(Offshore): 
E=12224 MPa 
G=1105 MPa 
u=0.0115 
mm/mm 
FR
P
 s
af
et
y 
fa
ct
o
r The FRP safety factor 
varies based on the 
depth of defect and 
level of safety 
(Figure6-7.) 
 
 
Corrosion 
DRY LTI 
3.1 3.8 4.3 3.1 3.8 4.3 
100 0.90 0.78 0.70 0.90 0.70 0.60 
85 0.95 0.82 0.73 0.94 0.73 0.62 
80 0.98 0.84 0.75 0.97 0.76 0.65 
75 1.00 0.87 0.77 1.00 0.78 0.67 
70 
 
0.89 0.78 
 
0.81 0.69 
65 0.91 0.80 0.84 0.71 
60 0.93 0.82 0.87 0.74 
55 0.96 0.83 0.89 0.76 
50 0.98 0.85 0.92 0.78 
45 1.00 0.85 0.95 0.80 
40 1.00 0.85 0.98 0.83 
35 1.00 0.85 
 
0.85 
30 1.00 0.85 0.85 
25 1.00 0.85 0.85 
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Design 
step 
Required parameters Assumption 
C
al
cu
la
ti
o
n
 o
f 
th
e 
m
in
im
u
m
 r
e
q
u
ir
ed
 t
h
ic
kn
es
s 
Design approach 
 
A according to the corrosion approach A is followed 
 
Design loads are not 
available, internal 
pressure 
1.66
25.82
p y
p
t f
P MPa
D
   
 
kc=0.25 - 0.85,1.00 
Axial and Hoop 
stress 4
c
a c
c
PD
k
t
        
2
c
c c
c
PD
k
t
     , Dc=Dp+tc 
Wrapping angle 1
D
tan ( )
p
l

  =1.4926 Rad 
Transformation 
matrix 
2 2
2 2
2 2
2 0.0061 0.9938 0.1557
2 0.9938 0.0061 0.1557
0.0779 0.0779 0.9877
m n mn
n m mn
mn mn m n
   
        
        
 
Design equation  
Results 
 
 
 
corrosion 
Onshore Offshore 
3.1 3.8 4.3 3.1 3.8 4.3 
25.0  9.1 10.8   9.8 
30.0  11.0 13.0   11.8 
35.0  12.9 15.2  11.7 13.8 
40.0  14.8 17.5  13.7 16.3 
45.0  16.7 19.8  16.0 19.0 
50.0  19.1 22.1  18.4 21.9 
55.0  21.6 25.0  21.0 24.9 
60.0  24.3 28.0  23.8 28.3 
65.0  27.2 31.2  26.8 31.9 
70.0  30.2 34.6  30.1 35.7 
75.0 28.6 33.4 38.1 25.9 33.6 40.0 
80.0 31.5 36.9 41.9 28.7 37.5 44.6 
85.0 34.6 40.6 46.0 31.7 41.8 49.7 
 
22 2
61 2 1 2
2 2 2 2
1 2 6 1
2 0
 
c
F F F F
  


    
